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NOTICE 

Th is  report was prepared as an account of Government sponsored 
work. Neither the United States, nor the Nat ional  Aeronautics 
and Space Administrat ion (NASA), nor any person act ing on 
beha If of NASA: 

A.) Makes any warranty or representation, expressed or 
implied, w i th  respect t o  the accuracy, completeness, 
or usefulness of the information contained in th i s  report, 
or that the use of any information, apparatus, method, 
or process disclosed in  t h i s  report may not infr inge 
privately owned rights; or 

B.) Assumes any l i ab i l i t i es  w i t h  respect t o  the use of, 
or for damages result ing from the use of any information, 
apparatus, method or process disclosed in  th i s  report. 

As used above, "person acting on behalf of NASA" includes 
any employee or contractor of NASA, or employee of such con- 
tractor, t o  the extent that such employee or contractor of NASA, 
or employee of such contractor prepares, disseminates, or 
provides access to, any information pursuant t o  h i s  employment 
or contract wi th NASA, or h i s  employment w i th  such contractor. 

Requests for copies of th is  report should be referred to  

National Aeronautics and Space Administrat ion 
.Office of Scient i f ic  and Technical  Information 
Attention: AFSS-A 
Washington, D.C. 20546 
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THE ALPHA-CELL 
DIRECT-CONVERSION GENERATOR 

A. M. Plummer,  W. J. Gallagher,  
R. G. Matthews, and J. N. Anno 

A R S T R  ACT 

I '  
Ezperinients performed on a generator in  which  alpha-partic le kinetic 

energy is converted d irec t ly  t o  electrical energy resu l ted  in  voltage buildup i n  
the 50- t o  100-kilovolt range. Microdischarging in  the  experLmenta1 c e l l  was 
determined to  be the factor preventing higher voltage buildup. 
a l s o  provided information on generator des ign ,  e spec ia l l y  on the  factors 
influencing control of secondary electrons by an e lec tr ica l  grid. 

The  experiments 

Methods of converting the high-voltage (megavolt  range) expec ted  from 

A 
improved experimental c e l l s  t o  lower voltag? were a l s o  inves t ign ted .  A converter 
incorporating a piezoelectric transformer was  conce ived  and des igned .  

\ 

IN  TR 0 DUCT ION 

Under contract  with the Lewis Research Center of the National Aeronautics and 
Space Administration, Battelle has studied a generator  which converts  alpha-particle 
energy direct ly  into electricity by causing the high-energy alpha par t ic les  to  do work 
against  an  e lec t r ic  field. This concept is r e f e r r e d  to  as the "alpha electr ic  cell", o r  
simply the "alpha cell". 
alpha emitter, is distributed in a thin layer over a surface which will be called the 
cathode. 
be called the anode. 
tively charged alpha par t ic les  do work against this field, i. e .  , the i r  kinetic energy is 
t ransformed to available e lectr ical  energy. The alpha cel l  is basically a high-voltage 
(megavolt range) ,  low-current device.  

A source mater ia l  such as  polonium-210, o r  other high-energy 

The emitting surface i s  capable of charging a collecting electrode,  which will 
In t ime,  a retarding e lec t r ic  field is established, and the posi- 

The power range for  a generator based on this  direct-conversion concept is not 
yet  f i rmly  established. 
outputs of 10 to  100 watts may be achieved. The applications for  such a generator  a r e  
l ikewise unspecified a t  this ear ly  stage in development. 
auxi l iary space power for  satell i tes a re  visualized, but other applications might prove 
to be of g rea t e r  in te res t .  F o r  example, the alpha cel l  could se rve  as the high-voltage 
source  for  an electrostat ic  propulsion unit using heavy par t ic les ;  it could a l so  se rve  as 
the high-voltage source  for  antennae for satell i te communications. As the operating 
cha rac t e r i s t i c s  and practicality of the concept become bet ter  known, the applications 
should become m o r e  evident. 

However, it appears a t  p resent  that genera tors  with useful 

Applications as p r imary  o r  

B A T T E L L E  M E M O R I A L  I N S T I T U T E  



Battelle-sponsored experiments performed in late 1962 showed that the principles 
of operation of the device were sound in the relatively low-voltage range obtained at that 
t ime (approximately 50,000 volts) .  * However , for  efficient operation the device mus t  
operate  in  the range near  1 megavolt. The objective of the NASA-sponsored program 
was to extend the voltage capability of the alpha cel l  to this higher range and to  de te r -  
mine the character is t ics  of the cel l  under this  condition. 
i n  the cell ,  significantly higher voltage was not achieved. 
provided additional useful information on ce l l  performance and design pa rame te r s .  

Because of microdischarging 
However, the experiments 

This report  summar izes  the resu l t s  of the 8-month study on the alpha-particle 
generator .  
tion a r e  reviewed and the resu l t s  of previous studies a t  Battelle a r e  summarized.  ** 
This information embodies essentially everything Battelle knows to  date about the alpha 
cel l .  

P r i o r  to  a presentation of the experimental  resu l t s ,  the principles of opera-  

As with any concept, the alpha cel l  presents  problems. The most  pressing prob- 
lem,  shown by the experimental  resul ts  , i s  microdischarging in the cell ,  which limits 
voltage buildup to 50,000 to 100,000 volts.  
l e m  is converting the high-voltage electricity to lower voltage. 
problems will be insurmountable must  await resu l t s  of fur ther  studies.  
converting the high voltage electricity produced in the cel l  to a m o r e  useful fo rm is 
presented near  the end of the report .  
scheme would appear pointless until i t  has  been demonstrated that voltages of the order  
of a megavolt can be  achieved in an experimental  cell.  

Probably the next mos t  important prob- 
Whether o r  not these 

A concept for  

However , intense pursui t  of the conversion 

The Battelle team participating in this study is l isted a s  the authors of this  r e -  
port .  The contract for this work was administered a t  Lewis Research Center by 
Mr .  John E. Dilley, Contracting Officer, with Mr. Ernest  Koutnik, Solar and Chemical 
Power Branch, a s  Project  Manager. 
Mr.  William R.  Mickelsen and Mr. Charles A. Low, Jr .  Mr. Low i s  a member  of 
the staff of the Electromagnetic Propulsion Division at NASA, Lewis Research Center. 

The technical advisors for this project were 

Comments f rom interested persons on this concept and on the resu l t s  presented 
in this repor t  a r e  encouraged. 

SUMMARY 

The resul ts  of the study indicated that microdischarging in the experimental  alpha 
cel l  was preventing high-voltage buildup. Although approximately 100 kilovolts was 
achieved initially, typically the cel l  voltage buildup terminated a t  about 50 kilovolts , 
the microdischarging threshold voltage. The resu l t s  of the study fur ther  showed that 
the e lec t r ica l  grid in  the cell ,  which i s  necessary  to suppress  secondary-electron 
emission from the surface of the alpha-emitting ma te r i a l  , functioned successfully and 
a s  predicted by application of electron-tube technology to the system design. h addi- 
tion to substantiating resul ts  of the prel iminary Battelle-supported study , the experi-  
ments  uncovered several  new fea tures  of the cel l  physics, p r imar i ly  in the a r e a  of 
secondary -electron em is  s ion and control,  

*publications summarizing the results of the Battelle-sponsored experiments are listed as "Bibliography" at the end of this report. 
*Most of this information was presented in thc program midpoint report, Lewis Research Center Report Number CR-54362s but is 

repeated for the sake of Completeness. 
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As a resu l t  of the investigation of methods of voltage conversion, a piezoelectric 
t r ans fo rmer  was selected for fur ther  study and a converter  was conceived and designed. 
Pre l iminary  analyses indicate that the piezoelectric system may be uniquely adaptable 
to the alpha cel l ,  with possibil i t ies for  reasonable conversion efficiencies. 
calculations of converter operation in  the nonresonant mode showed efficiencies of about 
10 p e r  cent.  
higher efficiency; operation in  the resonant mode may  also improve efficiency. 

Sample 

It is anticipated that proper selection of system pa rame te r s  will resu l t  in 

The principal conclusion from the program is  that microdischarging presents  a 
m o r e  fundamental problem to alpha-cell experiments than initially anticipated. 
sis of the accumulated data on cel l  performance, coupled with the l i t e ra ture  on the 
microdischarging phenomenon, suggests s eve ra l  approaches to  relieving o r  c i rcum- 
venting the problem for continued cel l  studies. 

Analy- 
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THEORY OF ALPHA-CELL OPERATION 

This  section of the repor t  p resents  the theory of alpha-cell operation in i ts  p resent  

Fur ther ,  the change in efficiency due to the high-voltage conversion 
s ta te  of development. In this discussion, the cur ren ts ,  efficiencies,  e tc . ,  re la te  to a 
single isolated cell. 
technique is not considered h e r e  since this a r e a  is undergoing pre l iminary  study. 

FUNDAMENTAL PRINCIPLES O F  OPERATION 
O F  THE ALPHA CELL 

The alpha particle,  with mass of 4. 003 amu,  is  essentially a helium atom with the 
two electrons removed. 
the half-life of the decay varying widely with the isotope. 
3 x 10-7 sec  for  polonium-212 (ThC') to 1.4 x 1O1O years  for  thorium-232. 
par t ic les  thus emitted a re  monoenergetic, with energies  for  isotopes of interest  typically 
in the range of 5 to 6 MeV. 
flection on this fact points out the underlying principle of the alpha ce l l  process:  
phenomenon of alpha decay we have electr ic i ty  in i ts  mos t  e lementary fo rm - charged 
par t ic les  in motion. 

Certain radioisotopes decay by emission of an alpha particle,  

The alpha 

A brief re- 

The half-life ranges f r o m  

At birth each alpha par t ic le  has  a charge of t2.  
in the 

The m o r e  conventional methods of using radiosotope energy do not make  use of the 
Rather ,  the alpha alpha-particle kinetic energy and positive charge in a direct  manner .  

par t ic les  dissipate their  energy and charge in a thick fuel mater ia l ,  producing heat. 
heat  generated in the fuel  i s  typically used to r a i se  the tempera ture  of a thermionic o r  
thermoelectr ic  mater ia l  which, in turn,  produces electricity,  

The 

However, if the isotope is  distributed in a sufficiently thin layer  r a the r  than in a 
thick fuel  region, so  that an appreciable fraction of all the alpha par t ic les  produced in 
the layer  can escape f r o m  the surface with much of their  initial energy and charge 
intact, these particles can be collected on an insulated electrode. The f i r s t  few alphas 
reaching the electrode will deposit their  charge and dissipate their  kinetic energy as 
heat, However, after a number of alphas have been collected, the insulated electrode, 
by vir tue of i t s  surplus of positive charge,  will  at tain a high voltage with respec t  to the 
emit ter  layer.  
they will a r r i v e  at the electrode with their  initial kinetic energy exhausted but will  de.- 
posit their  charge. 
l o s s  by ionization of intervening gas and to permi t  high voltage buildup by serving as an  
e lec t r ica l  insulator. The voltage charac te r i s t ic  of this process  is  (Eo/Zo) ,  the ra t io  of 
the initial kinetic energy of the alpha par t ic le  in e lectron volts divided by i ts  charge 
magnitude. 
unit charge when the unit charge is moved through a potential difference of one volt. 
Since Eo is  typically of the o rde r  of 5-million electron volts and Zo is t 2 ,  the charac te r -  
ist ic voltage of the process  i s  severa l  megavolts. 

Subsequent alpha par t ic les  will "do work" against this e lec t r ic  field: 

The space between the electrodes is  evacuated to prevent energy 

This  follows from the definition of the electron volt as the work done pe r  

. 
In effect, the arrangement  discussed above i s  analogous to a capaci tor ,  as shown 

The charge separation caused in F igure  1, with the alpha par t ic les  doing the charging, 
by the energetic alpha par t ic les  driving their  way to the insulated electrode, the 
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FIGURE 1. THE PRINCIPLE O F  THE ALPHA CELL'S OPERATION 
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col lector ,  is  neutralized by a flow of the electrons which were  left behind through an 
ex terna l  circuit. This  e lectron flow through an  ex terna l  c i rcu i t  is  a source  of d i rec t  
e lectr ic i ty  produced without the use of a heat  cycle. The high-voltage d-c e lectr ic i ty  
thus produced can be used directly,  reduced to a lower voltage o r  inverted to  a-c 
electricity. 
to  effect a charge separation a c r o s s  a high potential difference, 

The direct  conversion occurs  in the use  of the alpha-particle kinetic energy 

The discovery that charged-particle emission can build up a voltage on a properly 
insulated electrode may  be t raced  to work by Mosely in 1913. (1)';' The d i rec t  application 
of this idea for  a high-voltage generator has  been considered by o thers  during the past  
s eve ra l  decades,  for example, the work of Linder and Chris t ian a t  RCA. ( 2 )  However, 
a c r i t i ca l  problem exis ts  in reducing the concept to practice.  
charged alpha particles come secondary electrons which have an  opposing charge. 
Measurements  indicate that approximately 10  secondary electrons are re leased  f r o m  the 
sur face  with each alpha particle.  (3)  Although these secondary electrons have ve ry  low 
energy (approximately 97 per  cent have energy less than 100 ev),  they are  produced in 
such abundance that their  total  negative charge m o r e  than offsets the positive-charge 
buildup. Thus, a low-energy net negative charge,  ra ther  than the des i red  positive high- 
energy charge,  is emitted f r o m  the cathode. 

Along with the positively 

A properly designed control gr id  placed close to  the cathode can be used to over- 

A simple configuration which i l lustrates  the concept is  shown 

This thickness is requi red  
Surrounding 

come this difficulty. 
e lectrons to the cathode. 
in F igure  2. 
coated with a layer of alpha emit ter  severa l  microns  thick. 
since the range of alpha par t ic les  in meta ls  is  of the o rde r  of 10 microns.  
the cathode in this example is  a "squirrel-cage" gr id  a t  negative voltage with respec t  
to  the cathode. 
t o  permi t  the alpha par t ic les  to reach the collector,  o r  anode, while at the s a m e  t ime 
preventing the beLuiiddi y electrons f rom escaping. Because the electrons have ve ry  low 
energy, only a few hundred volts' bias on the gr id  will  suppress  them. To  hold back the 
electrons when the anode is  at severa l  million volts requi res  an  increase  in voltage to 
the kilovolt range. 
90 pe r  cent or  more of the total  gr id  a r e a  i s  not blocked by gr id  wires.  

A negative potential applied to the gr id  will r epe l  the secondary 

A cylindrical electrode, the emi t te r  or  cathode, can be a tube o r  rod 

The gr id  is composed of small-diameter w i re s  and is  sufficiently open 

The gr id  can be designed to be almost  completely open; typically 

F r o m  the previous discussion it is apparent that the gr id  is the key to  the success-  
ful  operation of the alpha cell. As will be discussed in a la te r  section of the repor t ,  i t s  
design has  a considerable bearing on the efficiency of the operation and may  acquire  
added significance in the conversion of the high voltage d-c e lectr ic i ty  to lower voltage 
a-c electricity. One can also conceive of suppressing the secondary electrons with 
a magnetic field, but for reasons which will be discussed l a t e r ,  under existing technology 
the use of a gr id  appears  to have a significant advantage. 

CONVERSION EFFICIENCY O F  IDEAL CELLS 

The efficiency of conversion of alpha-particle kinetic energy into e lec t r ica l  energy 
In this section, the conversion i s  dictated principally by the geometry of the alpha cell. 

will  be derived for ideal ce l l s ,  those which contain a t ransparent  yet completely 

'References are listed on page 103. 
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7 Anode ( a t  positive 
Dotential of several 
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FIGURE 2. USE O F  A GRID TO REPEL SECONDARY ELECTRONS 
(COAXIAL-CYLINDER GEOMETRY) 
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effective grid. 
by discussing the m o r e  common geometries:  para l le l  planes,  coaxial  cylinders,  and 
concentric spheres. 

The effects of geometry on conversion efficiency can best  be i l lustrated I 

Efficiency fo r  Common Geometries 

F o r  the initial calculation of efficiencies, i t  will  be assumed that the total  cel l  
I efficiency is  purely a geometr ical  one. 

assumed sufficiently thin that no energy losses  a r e  incurred in the alphas escaping 
f r o m  the fuel. 
energetic. 
the energy distribution of the alpha particles.  ) 

The thickness of isotope of the emit ter  will  be 
I 
I 

By the same  token, the alpha par t ic les  will be assumed to be mono- 1 

(It will l a te r  be shown that one of the effects of a finite fuel layer is to spread  

Concentric Spheres 

The most  efficient but perhaps least  pract ical  geometry for the alpha cel l  is that of 
a concentric,  spherical  emit ter  and collector. 
compared with emitter diameter ,  this case  is that of a point.source emit ter  surrpunded 
by a spherical  collector. 
the collector surface. 

In the l imit  of large collector diameter  

All alpha par t ic les  a r e  emitted radially and hence normal  to 
As can easi ly  be seen, the conversion efficiency P in this ca se  is 

e l 2  1 (1) 
1 v z o  

E o  
p = - -  = 

is  a dimensionless voltage parameter  ranging f rom 0 to 1. where /3 = - 
1/2  in this relation a r i s e s  f rom the fact  that for a thick fuel substrate  only 1 / 2  of the 
alpha par t ic les  a re  directed radially outward; the other half embed in the cathode s t ruc-  
ture.  Thus, for  concentric spheres  the efficiency increases  l inearly with anode voltage, 
reaching 50 per  cent for the maximum possible voltage of (Eo/ 

The factor of VZO 
EO 

. ZO) 

Coaxial Cvlinders 

In a coaxial-cylinder geometry with the cathode diameter  sma l l  compared with the 
anode diameter  (in the l imit ,  a line source cathode coaxial with a cylindrical  anode), the 
efficiency can be calculated a s  follows. 
par t ic les  produced per  unit t ime,  then half of the par t ic les ,  no/2 will be emitted with an 
outward rad ia l  component. 
some of these particles will have insufficient velocity component perpendicular to  the 

anode to reach it. The initial particle velocity is  vo = e w h e r e  m is  the alpha- 

par t ic le  mass. The radial  component of the initial velocity is vo cos 8 ,  where 8 is the 
angle which the path of the par t ic le  makes with the normal  to the emitting surface. 
the alpha particle to overcome the electr ic  field to a r r i v e  a t  the anode, it is  necessary  

If no represents  the total  number of alpha 

With the anode a t  some voltage V with respect  to the cathode, 

F o r  

that 
m(vo cos 012 hvzo  , 2 

o r ,  hence, that 
Eo cos20 V Z o  . 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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The maximum 
f r o m  Equation 

angle, emax, at which an emitted par t ic le  will  just  reach  the anode is  seen 
( 2 )  to be given f rom the relation 

Pa r t i c l e s  emitted a t  angles l e s s  than emax will  reach  the anode; those emitted at angles 
g rea t e r  than emax will not. 

In the coaxial-cylinder configuration, the number which reach the anode for 
isotropic emission is:: 

and the conversion efficiency i s  

(4) 

( 5 )  

This equation shows a maximum efficiency of about 19 per  cent for /3 = 2 / 3 .  
Figure  3). 
maximum efficiency i s  1. 7 megavolts. 

(See 
Using a s  character is t ic  values Zo  = 2 charges and Eo = 5 MeV, the voltage at 

Pa ra l l e l  Planes 

F o r  the case  of para l le l  planes infinite in extent, integration over the par t ic les  
emitted within the angular range 0 5 8 5 6max gives directly 

n = -  no 2 (1 - C O S  emax) = - no 2 (1 -go) , 

and the conversion efficiency i s  

F o r  this configuration, maximum conversion efficiency is  7. 4 per  cent for  p = 419 
(1. 1 megavolts when using the values of Zo = 2 and Eo = 5 Mev as in the previous 
example),  

F igure  3 is  a graphical representation of the efficiencies for  the three  common 
geometr ies  considered above. 
made in progression from Farallel-plane to spherical  geometry. 
the c a s e s  of coaxial cylinders o r  parallel planes,  the efficiency curve has  a ra ther  
broad maximum. 
i s  not necessary  to maintain efficiency near the optimum value. 

This comparison i l lustrates  the gain in efficiency to be 
It a lso shows that, for 

This means  that in these geometr ies ,  p rec ise  control of anode voltage 

Table 1 summar izes  the maximum conversion efficiencies attainable with three  
common geometries.  
deposited in a thin layer on a thick substrate s o  that only half of the alpha par t ic les  could 
escape f rom the surface. 
sided emission geometr ies  (fuel deposited on a screen-like substrate ,  fuel in the fo rm of 
thin wi re s  o r  gauze, etc. ). 

*The required integration is most readily performed by first considering the number of particles missing the anode, i .  e . ,  inte- 

In the s implest  cases  previously calculated, the fuel would be 

In m o r e  advanced designs,  it is possible to visualize two- 

grating from Omax to ~ / 2 .  

B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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FIGURE 3 .  EFFICIENCY VERSUS VOLTAGE FOR 
THREE COMMON GEOMETRIES 
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TABLE 1 .  MAXIMUM CONVERSION EFFICIENCIES FOR 
THREE COMMON GEOMETRIES 

Maximum Theoret ical  
Efficiency 

One-sided Two-sided 
Geometry Emission Emis  s ion 

Parallel planes 
Coaxial  cylinders 
Concentric spheres  

-~ 

7.4 
19.2 
50. 0 

14. 8 
38.4  

100.0 

Similar efficiency calculations can be made  for  these geometr ies  in which the 
cathode diameter  is a significant fraction of anode diameter.  
these  c a s e s  a r e  intermediate between the ones presented here.  
not obvious i s  that by selective choice of an "uncommon" finite geometry,  efficiencies 
grea te r  than that of the infinite coaxial-cylinder geometry can  possibly be obtained in 
quasicylindrical  geometry. 
c a l  o r  spherical ,  but of any compromise of the two. 

As  would be expected, 
A fact  which i s  perhaps 

The choice of geometry is  not simply one between cylindri- 

C E L L  CURRENTS IN GRIDDED DEVICES 

The presence  of a gr idmodif ies  the charging cur ren t  to the collector due to  
seve ra l  effects. 
conditions. 

Cel l  cur ren ts  in a gridded device a r e  discussed below under various 

Curren ts  With Anode a t  Ze ro  Voltaee 

The  expressions for  the cur ren ts  in a gridded device can be der ived f rom the 
following definitions. 

Io = cur ren t  c a r r i e d  f rom cathode by positively charged alpha par t ic les  

f = f ract ion of alpha par t ic les  emerging f r o m  the cathode which s t r ike  
the gr id  wires 

x = f ract ion of secondary electrons produced at  the gr id  which escape the 
grid-cathode assembly,  

qg = charge ratio,  the magnitude of the ra t io  of the secondary electrons 
produced a t  the gr id  to  the charge of alpha par t ic les  striking the grid. 

It i s  a s sumed  that the gr id  i s  a t  l a r g e  negative bias,  the condition requi red  for  ce l l  
operation. Considering f i r s t  the gr id  current ,  the fraction f of the alpha par t ic les  s t r ik-  
ing the gr id  c a r r y  cur ren t  of positive charges of ( f  IO) to the grid. These alpha par t ic les  
s t r iking the grid produce secondary electrons,  so that a secondary-electron cur ren t  of 
(f  qg Io) i s  produced a t  the grid. Since the gr id  is a t  a large negative bias, all of these 
secondaries  escape f r o m  the grid. 
two components: 

The total  cu r ren t  f r o m  the gr id  is the sum of the 

9 A T T E L L E  M E M O R I A L  I N S T I T U T E  
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This cu r ren t  i s  supplied by the gr id  power supply, but s ince it is supplied at a voltage 
much less than the anode voltage, the power expenditure is negligible. 
is assigned to this cu r ren t  according to the convention that a flow of positive charges  
f r o m  the cathode is  a positive current.  
ponents, 
secondary electrons produced by the few alphas which s t r ike  the gr id  r e tu rns  to the 
cathode. The cathode cur ren t  is  then 

The minus sign 

The cathode cur ren t  a l so  consis ts  of two com- 
A current  Io of alpha par t ic les  leaves the cathode, but a fraction (1 - x) of the 

Ico = ka thode  = Io +- (1 - X )  ( f  r)g 10) = [1 t (1 - X) f r)g]Io (9) 

The net cu r ren t  f rom the grid-cathode assembly  is the algebraic sum of the gr id  and 
cathode cu r ren t s  and represents  the cur ren t  available to  charge the anode. 

IC = Inet = [ ( l  - f )  - x f r),] Io = [ l  - f (1 t x ?,)I Io (10) 

It will be noted that this charging cur ren t  is diminished f rom the original alpha-particle 
cu r ren t  Io by two factors.  
by the gr id ,  only (1 - f )  of the alpha par t ic les  escapes f rom the grid-cathode assembly. 
Second, a fraction x of the secondary electrons formed a t  the gr id  escapes to the anode 
and reduces the net flow of positive charge. 
proportional to f (1  f x 7) ). It is  apparent that the interception fraction a t  the grid,  the g 
f-factor, mus t  be as smal l  as possible to  minimize losses  in the charging current.  How 
this bea r s  on grid design will be discussed later.  

F i r s t ,  due to the physical interception of some alpha par t ic les  

Note that the loss in charging cur ren t  is 

F igure  4 shows how these cur ren ts  would be expected to behave as a function of 
gr id  bias. 
e lectrons will affect the currents .  
independent of grid bias. F r o m  the previous analyses ,  as shown in F igure  4, the cathode 
cur ren t  would be expected to be la rger  than the alpha-particle cur ren t  by an amount 
(1 - x)  f qg Io, which represents  a flow of secondary electrons formed a t  the gr id  back 
to the cathode. Of course,  it would be hoped that the gr id  cur ren t  is small enough that 
a positive net  current  is  obtained f rom the device, i. e . ,  Ico t Ig > 0. It should be men- 
tioned that these current  relations a r e  simplified to the extent that second-order effects 
have been neglected, such a s  the formation of secondary electrons by gamma radiation 
accompanying the alpha decays. However, for an alpha emit ter  such as polonium-210, 
these relations should be a good approximation to the actual  currents ,  

Below about 100  volts on the grid,  the energy distribution of the secondary 
At high negative gr id  bias,  these cur ren ts  should be 

Currents  a t  Large  Anode Voltage 
(Common Geometr ies )  

A s  seen from the calculations of efficiency fo r  the common geometr ies ,  the cur-  
ren t  to the collector generally decreases  with increasing anode voltage (except for the 
concentric spherical  ca se  with point source anode) due to the repulsion of the alpha par t i -  
c les  by the electric field. F o r  an ideal gr id  ( f - factor  of zero) ,  the behavior of the 
charging cur ren t  with anode voltage in the three  c a s e s  derived previously is  

B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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FIGURE 4. BEHAVIOR OF C U R R E N T S  W I T H  GRID VOLTAGE FOR AN IDEAL 
ALPHA CELL ( Z E R O  A N O D E  VOLTAGE)  
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I, = Io (concentric sphere s ) (11) 

IC = I o  Jq (coaxial  cylinder s)  

The previous discussion considered the modification to the charging cur ren t  at ze ro  anode 
voltage due to a grid with finite f-factor, and the grid,  cathode, and net cur ren ts  were  
derived under these conditions. At la rge  anode voltage another effect, apar t  f rom re-  
pulsion of the alphas by the field, a l so  appears  due to the grid, This effect is  the s t r ik-  
ing of the gr id  by the t tfall-backtt  par t ic les ,  i. e . ,  by those alpha par t ic les  which initially 
escape the grid-cathode assembly but do not have sufficient energy to reach  the collec- 
tor. As might 
be expected, the analysis again emphasizes the importance of gr id  design, viz., of a 
low f-factor grid,  and the importance of the geometry of the cell,  

The derivation and consequences of this effect will be briefly discussed. 

To i l lustrate the derivation of the expressions for  the ce l l  cur ren ts ,  coaxial- 
The extension to other geometr ies  cylinder geometry will be used in the analysis. 

follows immediately. 
in definition to their counterparts used in the analysis of the cel l  cur ren ts  a t  ze ro  anode 
voltage. Let 

It i s  convenient to define the following t e rms ,  which a r e  s imi la r  

f '  = fraction of fall-back alpha par t ic les  which s t r ike  the gr id  on re turn  
toward the cathode. 

= magnitude of the charge rat io  of secondary electrons to fall-back 
due to particles which s t r ike the grid. 

angular variations in the striking particles.  ) 
(This may  differ f rom % 

t7 

x' = fraction of the secondaries formed a t  the gr id  by the fall-back par t ic les  
which escapes to the anode; (1 - x') escapes to the cathode. 

Then the gr id  current a t  large anode voltage is  

Ig = - f ( l  t qg)Io - f'(1 - f )  [I - 471 Io 

- '  - 

low-voltage cur ren t  to griX f rom fall- 

s t r ike  the gr id  on re turn  
to the cathode 

I 

curren t  back par t ic les  which 

r I .l" 1 
( 1  - J l - -  " L O  1 Io 

EO 
- f ' 7 ) i  (1 - f )  

secondary- e lectr  on cur ren t  
produced by the fall-back par t i -  
c les  a t  the grid 
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where (I ) is  the gr id  cur ren t  a t  zero  anode voltage. Next, examining the cathode 
cur ren t ,  

g o  

Ico = [ l  t (1-x) fqg]I0 - (1-f’)  (1-f)  I 1 - JF-1 v=0 Io 

L - J ,  V‘  V 

low-voltage charged-particle cur ren t  r e -  
cur ren t  turning to the cathode due 

to the fall-back par t ic les  
which get past  the gr id  

t (1-x’) f’qi (1- f )  [1 - 4 - q  Io 

= [ I  t ( 1 - x )  fqg]Io - [ ( l - f ’ )  - (1 - x’) f ‘ 7 g  (1 - f )  [I - p q  Io 

\ v ’ 
secondary- electron cur  rent flowing 

to cathode due to fall-back par t ic les  
which s t r ike the gr id  

E O  

[(1 - f’) - (1  - x’)f’r)k] (1 - f )  [ 1 -q 1 9 

[1 -t (l-x)fr)gl = (1CO)O 1 - 

where (Ico)o i s  the cathode cur ren t  at zero anode voltage. 

The net cur ren t ,  which is the charging cur ren t  available to charge the anode, is 
the algebraic sum of the gr id  and cathode cur ren ts  and can be written as 

where 
m o r e  compact fo rm as 

i s  the net cur ren t  a t  zero anode voltage. This relation can be writ ten in 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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where 
[l - f’(1 - x’r)’)] (1 - f )  

[1 - f (1  + xr)g)l 
1c = 9 

and k 2 1 always, Note that for a perfectly t ransparent  gr id  ( f ’  = f = 0), we have 

which is  equivalent to Equation (12). 
“fall-back” particles is  to  reduce the charging cur ren t  t o  the anode. 
value of k, the less the reduction. 

It i s  seen f r o m  Equation ( 1 7 )  that the effect  of the 
The sma l l e r  the 

Similar  considerations to those above for  the coaxial-cylinder geometry lead to  a 
charging cur ren t  for the parallel-plane case  at la rge  anode voltage of 

Note that in the ideal case  of concentric spheres ,  where the cathode is small enough to 
appear  as a point source to the collector,  there  a re  no fall-back par t ic les ,  which fur ther  
emphasizes  the desirability of spherical  geometry. 
par t ic les  a r e  not monoenergetic, a fall-back problem a r i s e s  even in the spherical  case.  

Of course ,  when the emitted 

The factors  appearing in the expressions for the ce l l  cu r ren t s  a t  l a rge  anode volt- 
age should be independent of anode voltage, except perhaps the x and x’ factors.  
fraction of secondary electrons formed a t  the gr id  which escape to  the anode is sensit ive 
to the configuration of the electr ic  field in the vicinity of the gr id  wires .  

The 

CONVERSION EFFICIENCY O F  GRIDDED DEVICES 

The conversion efficiency of ideal alpha cel ls  (completely t ransparent  but com- 
pletely effective grid) was discussed ear l ie r .  
the effect of a grid with finite f-factor on conversion efficiency. 
cussion is presented in t e r m s  of the three common geometr ies  with only a brief look a t  
uncommon ones. 

This section of the r epor t  analyzes briefly 
As before, the dis- 

Common Geometr ies  

Concentric Spheres 

As shown previously, the concentric spher ica l  geometry,  with emi t te r  diameter  
much sma l l e r  than collector d iameter ,  is unique in that there  i s  ideally no problem 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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with fall-back alpha particles.  
of a small fract ion of the alpha par t ic les  and a cur ren t  loss  due to secondary-electron 
production at the grid. 

In this case, the only effects of the gr id  a r e  the blockage 

The efficiency in this geometry for  a gridded device is  thus 

P = cp (21 1 

and As the gr id  approaches t rans-  where C =- 

parency, C approaches 1 / 2  and Equation (21) becomes identical with the efficiency ex- 
press ion  developed for  an ideal grid. 

is defined f r o m  Equation (10). 
( I C  10 
210 

Coaxial Cvlinders 

In the coaxial-cylinder geometry with emit ter  diameter << collector diameter ,  the 
expression for efficiency in a gridded device becomes 

P = C p  [ ( l  - k) f k m ]  

( I C  10 compared with P = 1 /2  /3- for the ideal case.  Expressed in this fashion, C = - 
210 

accounts for the effects of grid blockage and k for  the effects of the fall-back a.lphas. 
By differentiation of this expression, it can be seen that peak efficiency occurs  a t  a volt- 
age given by 

(23 )  
2 
9 = -  [ ( 3  - 9) -GG-3] 

2 
where q = (y) . Note that when k = 1 ( t ransparent  gr id) ,  /3 = 2 / 3  for  peak efficiency, 

but as k increases  f rom unity, the voltage a t  which maximum efficiency occurs  
decreases .  

Pa ra l l e l  Planes 

Similar  analysis shows that for a parallel-plane geometry infinite in extent, for a 
gridded device 

compared with the ideal efficiency of P = 1 /2  p (1  -a). 
similar to  those in the coaxial cylinder case. 

The effects of the gr id  a r e  

The analyses c lear ly  show that, except for the ideal concentric spherical  geometry,  
it is extremely important to minimize the factor k in a device constructed in a geometry 
approximately one of the common geometries. The effect of a grid on efficiency is 
i l lustrated in F igure  5 for severa l  values of k and for a coaxial-cylinder geometry. The 
values of k selected fo r  this illustration correspond approximately to the following 
pa rame te r s  : 

k = 1: 

k = 1. 5: a "reasonable" gr id ,  f '  = f = 0. 1 

k = 5: a worst  case ,  f '  = 1. 0, f = 0. 1, 

a t ransparent  gr id ,  f '  = f = 0 
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where,  for  the sake of example, values of the  other pa rame te r s  have been selected as 
x = 0. 1, x' = 1. 0, qg = q i  = 5. 
the peak efficiency is reduced f rom 19 per cent in the ideal ca se  to approximately 12  pe r  
cent. 

It i s  seen f r o m  this graph that for a k value of only 1. 5, I 

A l a rge  k reduces efficiency even more  drastically.  

Uncommon Geometries 

Although each geometry mus t  be considered separately,  s eve ra l  genera l  facts can 
be pointed out concerning the efficiency of gridded devices in the uncommon geometries.  
If complete e lectrostat ic  focusing of the alpha par t ic les  away f rom the gr id  is accom- 
plished in a cer ta in  geometry,  the fall-back problem with the alpha par t ic les  is  com- 
pletely removed, 
and production of secondary electrons;  i. e., k = 1 and the change in efficiency f rom an 

In this case the only effects  of the grid a r e  blockage of alpha par t ic les  

.- . 
v c  10 ideal  device is  contained in the factor  C - . This savings provides fur ther  incentive 
210 

to seek  geometr ies  in which a t  l eas t  partial  electrostatic focusing can be accomplished. 

GRID-DESIGN PRINCIPLES 

F r o m  the previous discussion it is c lear  that the most  c r i t i ca l  element in the oper-  
ation of the alpha cel l  is  the grid. I ts  presence i s  a fundamental principle of operation, 
but by the same token an improperly designed grid can negate the usefulness of the con- 
cept. It i s  the purpose of this section of the repor t  to present  the existing technology of 
gr id  design relating to the alpha cell. 
f i r s t -order  principles for grid design and then discussing principles relating to second 
o rde r  effects, many of which must  be evaluated experimentally. 

This can perhaps best  be done by considering 

Fir st-Or.der Design Principles  

To f i r s t -order  principles,  gr id  design is related to two parameters :  the f-factor 
and the effective amplification factor (or p-factor), which is  the ra t io  of anode voltage to 
the gr id  voltage required to maintain this prescr ibed anode voltage. In the discussion 
which follows, i t  is convenient to describe gr id  design in t e r m s  of a coaxial cylinder 
geometry,  with a squirrel-cage grid around the cathode, but the design principles ob- 
viously apply to other geometries.  

f - Factor  

As previously defined, the f-factor is the fraction of alpha par t ic les  escaping the 
cathode which s t r ikes  the grid. 
proportional to f ( l  +- x qg) ,  i. e . ,  directly proportional to f ,  and since the magnitude of 
the k factor  i s  a l so  related to the magnitude of f ,  it is important that  the gr id  have a 
s m a l l  f-factor. 

Since current losses  due to the presence of the gr id  a r e  
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To a f i r s t  approximation, the f-factor f o r  a long squirrel-cage gr id  is simply the 
fract ional  a r e a  of the gr id  c i rc le  cylinder blocked by the gr id  wires ,  

where N = number of gr id  wires  

dg = diameter of wi res  

rg = radius of gr id  cage circle.  

A m o r e  refined analysis shows that for finite cathode radius  the f-factor is slightly 
l a rge r  than the simple a r e a  rat io  of Equation (25). 
is given by 

To a good approximation the f-factor 

67r‘ L ( l g  

where 
rc = cathode radius 

8 + ( -- 1 J-)2 ] ’I2 cos 8 g = r c  

This approximation is  valid under the conditions that 

where L is the length of the gr id  wires. 
m o r e  complex relation of Equation (26) approaches the simple a r e a  rat io  of Equation (25). 
The difference in the two equations can be i l lustrated by the grid used in the initial alpha 
ce l l  experiments. 
a r e a  rat io  gives f = 0. 113, compared with f = 0. 120 f rom Equation (26); the t rue  f-factor 
i s  about 6 per  cent la rger  than the a r e a  rat io  for this case. 

It can be seen that as rc  approaches zero ,  the 

With N = 40, dg = 0. 010 in , ,  rg  = 0. 625 in., and rc  = 0. 250 in . ,  the 

F o r  normal  operating grid voltages, the f-factor is purely a geometr ical  factor. 
However, for very large grid voltages, the gr id  (a t  negative bias)  a t t rac ts  alpha par t ic les  
and hence the f-factor increases  with voltage. 
age dependency of the f-factor is  

An approximate expression for  the volt- 

f = f o  l t -  , J z;:g 

where 

fo = geometric f-factor a s  calculated f rom Equation (26) 

Z o  = charge on the alpha particle 

Eo = energy o f  the alpha particle in electron volts, 

D A T T E L L E  M E M O R I A L  I N S T I T U T E  
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Since (Eo/Zo)  is  of the o rde r  of 106, Vg must  be of the o rde r  of l o 5  volts for  this cor-  
rect ion to become significant. 

Amplification Fac tor  

The amplification factor is the magnitude of the rat io  of anode voltage to the gr id  
voltage required to  maintain this prescribed anode voltage. Thus,  a gr id  with high am- 
plification factor requi res  a sma l l  bias to suppress  the secondary electrons formed a t  the 
cathode in the presence of a la rge  anode voltage. This ,  in turn,  alleviates the problem 
of high voltage gradients ac ross  the electr ical  insulators between the gr id  and cathode 
o r ,  alternatively, permi ts  the gr id  to be located c loser  to the cathode (s ince it can oper- 
a te  at low voltage), result ing in a m o r e  compact device. 
shown, a high amplification factor is  generally associated with a large f-factor grid, 
which lowers the efficiency of the device. 
the gr id  design. 

Unfortunately, as will be 

Thus,  optimum conditions must  be sought in 

In an ordinary t r iode electron tube, the amplification factor i s  the rat io  of the plate 
voltage to  the negative of gr id  voltage for a condition of cutoff. 
field within the tube, cutoff exis ts  when the gradient of the potential at the cathode is  
zero.  (4) F r o m  analysis by Spangenberg, the result ing amplification factor (or  mu-  
factor)  for  a cylindrical  squirrel-cage grid i s (5)  

In t e r m s  of the electr ic  

- N  In (z) 
,u = - (28) 

In [ 2 sin (?;)I ' 

where rp is the radius of the anode (plate). 
screening fraction approximately 0. 1 or less.  
g r i d  wi re  diameter to g r i d  w i re  spacing, o r  simply the f-factor as calculated f rom 

This equation is valid for tr iode tubes with 
[The screening fraction is  the rat io  of 

Nd Nd 
Equation (25). ] F o r  most  gr id  designs of interest ,  sin (g) Z (<I so  that 

Equation (28) can be simplified to 

To a f i r s t -order  approximation, this definition of amplification factor may  be used 
in designing the alpha cell. 
initial energy of the secondary electrons. 

The principal approximation comes about by neglecting the 

By inspection of Equation ( 2 9 ) ,  it is seen that the amplification factor increases  
with the number of gr id  wires ,  since N appears a s  a l inear factor in the numerator  
whereas  i t  i s  only as a logarithmic factor in the denominator. 
anode radius  and grid-wire diameter. 
of the gr id  cage increases .  
to optimize the relation between p and f if severa l  of the variables a r e  fixed by other 
res t r ic t ions.  
determines the spacing required between the gr id  and anode. 
strength of the gr id  can r e s t r i c t  the values of the grid-wire diameter.  

It a lso increases  with 

This equation can be used in conjunction with (25) o r  (26)  

F o r  example, Cranberg ' s  cr i ter ion for  voltage breakdown in vacuum(6) 

The amplification factor decreases  as the radius 

Also, required s t ruc tura l  
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Second-Order Effects Influencing Gr id  Design 

Although the f-factor and amplification factor  are cr i t i ca l  to gr id  design, s eve ra l  
other f ac to r s  may have significant influence on gr id  design. 
a re  

Examples of such fac tors  

(1) Dependence of secondary-electron yield at the g r id  on grid-wire 
mater ia l ,  [Since losses  a r e  proportional to  f (1  t x 7 ), in addition to  
minimizing f ,  it i s  desirable  to  choose gr id  wi re  ma te r i a l  to minimize g 

qg, o r  hence the secondary electron yield a t  the gr id ,  n g  = z qg.1 

(2 )  Dependence of secondary yield on electr ic  field. F o r  secondaries  
produced at the gr id  wires  a t  locations exposed to  the anode field, a 
significant increase in A g  might occur because of the electr ic  field. 
Depending on the importance of this effect, it might be desirable  to 
s tagger  the distance of the gr id  wi re s  f r o m  the cathode. 

( 3 )  Gamma-induced secondary electron emission. F o r  alpha emi t te rs ,  
such as polonium-21 0, which have ve ry  weak associated gamma 
radiation, the electron production due to the gamma radiation can 
generally be ignored. A small effect due to gamma-induced secondary 
emission at the gr id  wi re s  might be observable for  alpha emi t t e r s  with 
appreciable associated gamma radiation, such as curium-244. The 
emission f o r  me ta l s  i s  of the o rde r  of 0. 5 x 
roentgen/hr.  (7, 8, 

amp/cm2 per  

(4) Bremsstrahlung production. The leakage cu r ren t  f r o m  gr id  to anode 
due to  secondary-electron production a t  the gr id  constitutes a source 
of bremsstrahlung a t  the anode. The electrons leaking f r o m  the gr id  
a re  accelerated by the anode field to energy equivalent to the anode 
voltage, and hence s t r ike the anode with energy of the o rde r  of 1 MeV. 
The leakage cur ren t ,  and hence the bremsstrahlung production, is 
proporational to (xfqg), i. e., direct ly  proportional to f. The radiation 
thus produced, in addition to presenting a possible hazard,  can in turn  
produce secondary emission of magnitude discussed in I tem ( 3 ) .  

(5)  Structural  strength of grid. At la rge  anode voltage, the electrostat ic  
force  of attraction between anode and gr id  i s  sufficiently strong to  de- 
flect  the gr id  wi re s  if they a r e  constrained only a t  the ends of the grid. 
Use of containing r ings spaced along the squirrel-cage gr id  minimizes  
this deflection. 

SPACE-CHARGE LIMITATION 

It is to be expected that the limitation imposed on the cur ren t  in the alpha ce l l  
because of space-charge effects is  not a ser ious one since the alpha ce l l  i s  basically a 
low-current,  high-voltage device. 
in a simplified geometry is  presented h e r e  to i l lustrate  the magnitude of the effect. 

A brief analysis  of the space-charge-limited cu r ren t  
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The hasic relations for  charge flow a t  equilibrium in a space between two con- 
dur tors  arc (in MKS units) 

(30) 
2 

Poisson's equation: v v = - P I E o  

Continuity equation: 
(conservation of charge)  

V ' J = O  - -  

Conservation of energy: Eo = (h) Mv2 f Zo V, (32) 

where the cur ren t  density J is given by - 

and where p = charge density 

- v = alpha-particle velocity 

M = mass of alpha par t ic le  (of init ial  energy Eo and charge Z o )  

c0 = permitt ivity of f r e e  space 

V = voltage 

F o r  simplicity the geometry used in this analysis i s  that of two infinite parallel-  
plane electrodes spaced a distance xo apart. 
of x only. 
Only the kinetic energy Eo, associated with the x-component of the velocity is trans- 
formed into potential (e lectrostat ic)  energy; the remaining energy is dissipated at the 
cathode. 

In this geometry,  V, p, and v a r e  functions 
The cur ren t  flow pe r  unit a r e a  f r o m  the emit ter  is the x-component of J. 

The boundary conditions to be applied to the solution to the basic relations (30) 
through (32) a r e  

V(0)  = 0 

(2) = o  
x = xo 

This second condition is an approximation based on the fact  that  the la rge  number of 
positive ions in the neighborhood of the collector (x = xo) neutral izes  the field in this 
region. 
Equation (31) that Jx = pvx = constant, and s ince the kinetic energy is dissipated in over- 
corning the potential ba r r i e r ,  near  the collector vx i s  sma l l  so  that p mus t  be large. 

That  there  is a buildilp of ions near the cnllector is seen from the solution to 

The genera l  solution to the problem is the implicit relation 
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1 

where VA is the collector (anode) voltage. 
plif ie s to 

At V = VA (a t  x = xo), Equation (35) sim- 

Eo, 
To obtain an estimate of J, f rom this expression, it i s  assumed that VA = - . 

z o  With this value of anode voltage, the cathode cu r ren t  density is  

This represents  the maximum curren t  density that can be obtained for  a given spacing at 
f u l l  anode voltage, i. e., this is the space-charge-limited current.  
is obtained i f  the anode voltage is  reduced f rom the maximum possible value of E,,/Z,. ) 

(A l a rge r  cur ren t  

The magnitude of the space-charge-limited cur ren t  may  be est imated by assuming 
the following “typical” values for the pa rame te r s  

= 1 .  7 Mev = 2.7 x nt-m 
1 

Eo, = 3 Eo 

Z, = 2e = 3.2 x 10-19 coul 

xo = 10 c m  = 0.1 m 

M = 4 a m u  = 6 . 6  x 10-27 kg 

E,  = 8 . 8 5  x cou12/nt-m2, 

which gives J, = 3 x 103 amp/m2 = 0. 3 amp/cm2.  
equivalent to  a power density of 250,000 watts/cm2! 
for the power density, indicates that space-charge effects  a r e  negligible for  the alpha- 
cell concept. 

Such conditions a r e  seen to be a factor  of 106 below the l imitations se t  
by space-charge effects. The limiting cu r ren t  fo r  a cell with cyl indrical  o r  spher ica l  
geometry is greater  than that for  the paral le l  planes,  with the s a m e  electrode spacing. 
Since the limiting current  was so large in the case  considered, the other geometr ies  
were not considered in detail .  

At the assumed voltage, this is 
This la rge  value for  Jx, and hence 

A typical alpha-cell sys tem might operate  at a cu r ren t  density of about 
amp/cm2.  
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MAGNETIC SUPPRESSION O F  SECONDARY ELECTRONS 

An alternative method of suppressing the secondary-electron emission accompany- 
ing the emission of alpha par t ic les  f r o m  the cathode i s  the application of an  axial  mag- 
netic field. Such an arrangement  would eliminate the efficiency loss  due to  the presence 
of the grid. However, as will be shown f rom the analysis summar ized  below, the in- 
tensity of magnetic field required f o r  effective secondary-electron suppression in the 
presence of a megavolt anode potential is of the order  of 1000 gauss  and thus imprac- 
tically large. 

F o r  concentric-cylinder electrodes with the outer electrode (anode) of diameter  b 
and inner electrode (cathode) of diameter a, the electr ic  field produced by anode voltage 
VA is 

e (38) 
"A 

E =  - 
r In (;)wr 

where r is the radial  distance and er  is the unit vector in the rad ia l  direction. 
t ron emitted a t  the cathode is acceierated to  the anode by the force  qE, where q is the 
electron charge. 
reach  the anode, to prevent electron t ransfer  the magnetic force must  oppose and exceed 
the electrostat ic  force. 
ficiently large,  will c u r l  the electrons back to thecathode. The net force  on an electron 
is then 

An elec- 

Since it is desired that only the positively chargedalpha  par t ic les  

An axial  magnetic field B will produce a force which, if suf- 

F = q(E t vxB) . (39) - - _  - 
Although the electron emission m a y  be isotropic, the magnetic field required for com- 
plete suppression must  be of sufficient magnitude to re turn those electrons with initial 
energy Us emitted radially. Allowing for relativist ic electron energies ,  Schock(9) de- 
r ived an expression for the magnitude of the axial  magnetic field required to completely 
turn back electrons of initial energy Us  (in ev): 

+ p  [(zt32-l]1'2} 7 

where 

B = axial  magnetic field, webers/m2 

P = a / b  

c = velocity of light, m / s e c  

uo = r e s t -mass  energy of an electron, ev 

vA = anode voltage. 
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Since the secondary electrons have energies  at bir th  of the order  of a few ev, and near ly  
all have energy less  than 100 ev, the initial energy Us can be neglected with respec t  to 
VA and Uo.:: The magnetic field required to suppress  zero-energy electrons (i. e. ,  low- 
energy secondaries) is  given f r o m  Equation (40) as 

2UO 
B(0) = 

bc (1 - p2) 

where b, the anode diameter ,  i s  expressed in meters .  

To obtain an est imate  of the magnitude of the magnetic field required to suppress  
the secondary electrons,  P2 can be neglected compared with unity, 
Equation (41) with this approximation. 
product (Bb) must  l ie in the range of 0.01 to 0. 02 weber /m.  
of 0.2 m (20 cm),  an axial  f ield of the order  of 0. 1 weber /m2 (1000 gauss)  i s  required. 

F igure  6 i s  a plot of 
It i s  seen that fo r  anode voltages of interest ,  the 

Thus for anode diameter  

To obtain a 1000-gauss magnetic field over the volume of an alpha ce l l  i s  prohibi- 
tive f rom the standpoint of magnet weight and power loss. 
of a gr id  to  suppress secondary electrons appears  to be imperative. 

F o r  these reasons,  the choice 

SELECTION O F  AN ALPHA EMITTER FOR THE 
ALPHA-ELECTRIC CELL 

Since nearly all alpha emi t te rs  occur in the range of high atomic number,  the 
selection of a cathode coating mater ia l  is  l imited to those radioisotopes above bismuth 
( Z  = 83) in the periodic table. Although the number of alpha-emitting radioisotopes in 
this range is large,  only a few have half-lives in the range dictated by power and lifetime 
requirements  for  a useful system. 
to be about 6 months, the lower l imit  of isotope half-life should be no l e s s  than 3 o r  4 
months. The upper limit of half-life i s  p rescr ibed  by maximum power output required,  
since these two parameters  a r e  inversely related,  i. e . ,  as half-life increases ,  specific 
power available decreases ,  Thus, the half-life range of interest  i s  f rom about 3 months 
to a few hundred years.  
decay energies ,  virtually eliminating the need for consideration of this parameter  in 
selecting suitable isotopes for the alpha cell. 

Assuming the minimum system lifetime of interest  

The alphas in this l imited range of half-lives have similar 

A recent  survey( lO)  indicates that the most  promising alpha emi t te rs  for  the con- 
cept a r e  polonium-21 0, curium-242, curium-244 and plutonium-238. Table 2 sum- 
mar i zes  the properties and cost  of these isotopes. There  a r e  seve ra l  other isotopes 
with half-lives in the required range, notably californium-248, einsteinium-252, and 
plutonium-236, but these a r e  so  r a r e  a s  to not be given consideration at this time. 
Another possible emit ter ,  thorium-228 (half-life 1. 9 years ) ,  decays as pa r t  of the 
thorium (4n) ser ies  and i s  thus a source of undesirable short-l ived beta emi t te rs .  
addition it is comparatively ra re .  

In 

V h a t  the required magnetic field is  nearly independent of the initial electron eiieri;y Us is  due to the fact that, in the presence 
of an aiiode potential of the order of a megavolt, inost of the eiiergy of  tlie electroll as  it Inoves toward the anode is  in the form 
of an increase in kinetic energy acquired from the electric field. 
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TABLE 2. ALPHA EMITTERS APPLICABLE TO ALPHA-cELL  CONCEPT(^) 

Alpha Therma l  
Energy, Half-Life, Chemical Power ,  Pro jec ted  Cost(b), 

Isotope Mev yea r s  F o r m  wat t s lg  $ per  the rma l  watt 

Polonium-2 10 5. 3 0. 38 Metal 140 190 

Plutonium-238 5. 5 90 Metal 0. 48 1040 

Cur  ium- 2 42 6. 1 0.44 Oxide 120 165 

Curium- 244 5.8 18 Oxide 2. 3 435 

(a )  Most data from Reference (10). 
(b) Polonium-210 is the only isotope currently available in large quantity. Its present cost is $640 per thermal watt. 

Along with the emergence of alpha-particles f rom the emi t t e r s  l isted in Table 2 
come gamma rays,  which present  a low-level shielding problem. 
react ions,  o r  in some cases  spontaneous fission, provide a source  of neutrons. Table 3 
summar izes  the radiation f rom 100-watt ( thermal )  bare  alpha sources  for the f i r s t  th ree  
isotopes of Table 2. 
parable  radiation attendant their  use. 
o r d e r s  of magnitude less. 

In addition secondary 

As seen f rom these data, the two short-lived isotopes have com- 
The radiation f r o m  plutonium-238 is  about two 

TABLE 3. RADIATION FROM 100-WATT (THERMAL) BARE ALPHA SOURCES(a) 

Gamma Radiation, Neutron Radiation, Total  Radiation, 
Isotope mi l l i rem/hr  a t  1 yard mi l l i r em/h r  a t  1 yard m i l l i r e m l h r  at 1 yard  

Polonium-2 10 20.0 6. 5 26. 5 

C ur  ium- 2 42 4. 3 32. 5 36. 8 

Plutonium-238 0.01 0. 53 0. 53 

(a) Data from Reference (10). 

It is apparent f rom this brief survey of available emi t t e r s  that mission lifetime will  

Only for the short  mission is  a choice real ly  available (polonium-210 ve r sus  
be the pr incipal  factor in dictating the selection of alpha emi t te r  f rom the four l is ted in 
Table 2. 
c u r ium - 2 4 2 ). 
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ENERGY SPECTRUM O F  ALPHA PARTICLES 

The energy spec t rum of alpha particles emerging f rom the cathode was analyzed 
f o r  two cases :  a thin layer  of alpha emitter covered by a thick metall ic foil (the case  
applicable to experiments performed to da te )  and a thick layer  of alpha emi t te r  with no 
cover (probable case  in an actual alpha-cell generator) .  

Case 1. Thin Emitter With Thick Metallic Cover 

The geometry for  the calculations i s  shown in Figure 7 .  Assuming a constant 
stopping power, (dE/dx), to first order  approximation gives the energy spec t rum for  a 
cover thickness t a s  

No t EO N(E) = - - 2 R  (Eo - E)' 

where No/4n is the number of par t ic les  emitted per  unit solid angle per  unit t ime (iso- 
t ropic  emission) ,  Eo i s  the initial energy of the par t ic les ,  and R i s  the range of an 
alpha par t ic le  with energy Eo in the cover mater ia l .  
spectrum for severa l  values of t / R  and for polonium-210 alphas.  Of course,  with no 
cover thickness the par t ic les  emerging from the cathode a r e  monoenergetic. 
b e r  of par t ic les  escaping the cathode under the conditions of Case I i s  (N0/2)(1 - t / R )  
for  one-sided emission. 

Figure 8 is a plot of this energy 

The num- 

The spectrum derived under the assumption of constant dE/dx can be compared 
with that derived using the experimentally determined variation of stopping power with 
energy. F o r  the case 
e rgy  spectrum f rom a 
is shown in Figure 9 .  
stopping-power model 

of alpha particles in gold(11), the comparison of calculated en- 
0. 1-mil gold cover when using constant versus  variable dE/dx 
The degree of correspondence encourages the use of a constant- 
for approximate calculations. 

Case 11. Thick Emit ter  With No Cover 

The geometry for this calculation i s  sketched in Figure 7b. Again 
stant (dE/dx), the calculated energy spectrum for emit ter  thickness t i s  

N ( E )  = 12: E > Eo (1 - t / R )  . - 

assuming con- 

(43) 

Figure  10 shows this spectrum graphically for severa l  values of t /R .  
par t ic les  escaping the cathode in this case is (N0/2)(1 - t / 2R)  for  one-sided emission.  

The number of 
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EXPERIMENTAL STUD1 ES 

This  section of the repor t  descr ibes  the experimental  studies performed with the 
alpha ce l l  and summarizes  the results.  
t r a c t  with NASA, prel iminary experiments aimed a t  demonstrating proof of principle 
were  per formed under Battelle sponsorship. 
the background for a discussion of the m o r e  recent  results.  

P r i o r  to the initiation of the study under con- 

These a r e  summarized briefly to provide 

- RESULTS O F  BATTELLE SPONSORED EXPERIMENTS 

Prel iminary Mea s u r  ement s of Secondary- Electr  on Emission 

During the ear ly  conceptual stage of the development of the alpha electr ic  c,ell, i t  
was postulated that the key to efficient operation would be the use of a properly designed 
gr id  interposed between the emit ter  and collector electrodes. It was further anticipated 
that the ce l l  simply would not work (i. e. ,  there  would be no voltage buildup) without a 
grid,  because of an excessive number of secondary electrons emitted as each alpha 
par t ic le  emerges  from the source material .  There  was no direct  experimental  evidence 
to support this belief, although resu l t s  of ea r ly  investigations with alpha-particle-induced 
secondary emission, summarized by H. Geiger(121, indicated yields in the range of 3 to 
30 for  alpha-particle bombardment of a meta l  surface,  However, the foundation was still 
sufficiently lacking and warranted a prel iminary experiment pr ior  to design and con- 
struction of a more complex and expensive experiment in the fo rm of an actual alpha 
e lec t r ic  cell. 

F o r  the preliminary experiment,  a sma l l  polonium source (2. 5 mil l icur ies  at  the 
t ime of the experiment) was placed in a vacuum chamber,  and the emission cur ren t  
measured.  
mately 1 c m  in diameter. 
migration of the polonium and subsequent contamination of the experiment. 
secondary-electron emission a s  the alphas emerge  f rom the gold coating should be 
s imi la r  to that produced by polonium alone (of equivalent thickness),  since both elements 
have s imi la r  m a s s  stopping powers for alphas. F r o m  measurement  of the average 
energy of the alphas emerging f rom the source,  i t  was estimated that the gold thickness 
was about 3 microns. The source was supported in the vacuum facility on an aluminum 
pedes tal electrically insulated f rom the baseplate. 

The polonium was deposited on a copper backing in a c i rcu lar  a r e a  approxi- 
The source was flashed with a thin gold coating to prevent 

The 

The emission cur ren t  was measured  a s  the source was maintained a t  various nega- 
tive voltages with respect to the vacuum chamber dome. 
without the source. 
leakage and other extraneous cur ren ts  were eliminated. 
ical lyin Figure 11. 
dary  electrons produced a t  the wall of the vacuum chamber (>400 volts) ,  the source 
cur ren t  was measured to be 3. 2 x 
principally to the large contribution of background current.  
rent ,  the data above 400 volts were averaged. 

Data were  obtained with and 
By subtracting the cur ren ts  measured  under these two conditions, 

The resu l t s  a r e  shown graph- 
Withsufficiently large negative bias on the source to re turn  secon- 

ampere.  Scatter in the data is  attr ibuted 
To obtain the source cur -  
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IJnder the contlitioiis of thc cuperi-ment, the secondary-electron yield is  

wlic re  

Is = rnagnitude of the c-rlrrcrit leaving the source,  amperes  

Z = average chargc (if a n  cscaping alpha par t ic le  

F 1 niimher o f  a l p h a  parti( . les leaving the source pe r  unit time. 

where F, is  the disintegration r a t e  in the poloniuin, t is the thickness of gold, and R is 
the m e a n  range of alpha par t ic les  in gold. * With t / R  approximately 0. 3 ,  fo r  the 2. 5-  
mill icur ie  source  F = 3.  2 x 1 O 7  alphas/second. Since t / R  is r a the r  small, to  a first 
approximation it m a y  hc ass i i t i i ed  that the alpha par t ic les  re ta in  the i r  charge of t2 .  
Since the f i r s t  t e r m  i n  the yield eqiiat ion i s  the la rger  t e rm,  the fact  that the average  
charge m a y  be degratletl does not strioiisly affect  the resul ts .  
Z, and the measured value of Is = 'I. 2 x l o - '  
determined to he 8. 2 ,  i .  e., on the average 8.  2 sec.ondary electrons are emitted as each 
alpha par t ic le  en iergrs  f r o 7 1 1  the s i i r f a c c .  

With these values of F and - 
anipere ,  the secondary-electron yield was 

F r o m  this preliiriiriary cxperirrient it w a s  ccincluded that the charge c a r r i e d  by the 
secondaries  i s  l a r g r r  tliari t h e  opposing charge c a r r i e d  by the alphas, verifying the 
statement that a gricl is esseiitinl to t h e  operation o f  the device. On the other hand, the 
yield is  not so large a s  to magnify the prohleiii of cur ren t  loss  due to secondary-electron 
production a t  the gr id .  
is proportional t o  ( I  t u A  / z ) ,  where A g  is the secondary-electron yield due to  a small 
fraction of alpha particles striking thc g r i d ,  and x i s  the fraction of secondaries  formed 
a t  the gr i t l  which esrapc  t o  t h e  anode .  ) 

( h a  tlisciisscd previoiisly, loss  in alpha-particle charging cur ren t  

P 

The neut stel)  i i i  the ~lcriioiistration of the  feasillility o f  the concept was to con- 
s t ruc t  a n  a v t ~ i a l  c ,c l l  a n d  prove that with proper  gr id  bias a voltage buildup could be 
o l i t a  i i i e f l .  

Initial Experiments With the Alpha Cel l  - 

'rile preliminary proof-of-principle experiments  using a polonium alpha emi t te r  
w e r e  perfortried in late 1962. 
apparatus .  'The picture to the left shows the grid-cathode assembly used in these ex- 
per iments .  Several  cu r i e s  of polonium-210 were  distributed uniformly on a cathode 
1 / 2 inch  in diameter  by 12 inches long.  To minimize contamination of the equipment 
a t h i i i  gold foil (0 .0001  inch tliirk) w a s  wrapped over  the b a r e  polonium sur face .  The 
cathotle was surrounded by a squirrel-cage gr id  of 40 s t ee l  wi res  10 mils in d iameter  
equally spaced o n  a 1 .  25-incli-diameter grid c i r c l e  and supported a t  the ends.  
shown  by the second photograph in Figtire 1 2 ,  the grid-cathode assembly  was inser ted  

Figtire 1 2  shows photographs of the experimental  

As 

- _ _ - _ -  
*I o r  the sotirce used i i i  this rxperlinerit, the tliic kiirss of the poloniiim itself is  much less than that of the gold layer deposited on 
rop ( i f  IIie pdoiiliiiii. 

wliirli rlie alpha particles are born tiiiilormly throiigliout the coatiiig iliarerial. 
I l i t '  ahove forriida for r c,oiisrquriitly differs from the usrlal relation F Q Fo/2 (1 - t / 2 R )  for a coating in 
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in a 4-inch-ID anode cylinder e lectr ical ly  insulated f rom ground by a quartz  tripod. 
vacuum chamber lowers over the apparatus and fas tens  to the base  plate. 
a l so  shows the components of the high-voltage measuring apparatus. The measurement  
of anode potential is  complicated by the fact  that the measurement  must  be made without 
appreciable current dra in  and that the voltage information mus t  be t ransmit ted outside 
the vacuum. Considerable effort was devoted to a study of different methods for  voltage 
measurement  until a satisfactory method was found. This method determines the anode 
voltage by measuring the increase in energy of an alpha par t ic le  accelerat ing through 
the e lec t r ic  field set up by the anode. Descriptions of this technique a r e  given in the 
l i terature.  ( 1 3,141 

A 
This p ic ture  

F o r  the measurements ,  a 2-millicurie polonium-210 alpha source was mounted on 
A small gas-filled chamber (with var iable  gas pres su re )  the outer eurface of the anode. 

containing a thin mica window and a silicon-gold charged-particle solid-state detector 
was placed so that the detector could "see11 the alpha source through the mica  window. 
The small chamber was vacuum-sealed and connected by a 1/4-inch line through the tes t -  
chamber base plate to a separa te  evacuating system, With this arrangement  the pres -  
s u r e  in the sma l l  chamber could be var ied f rom a few microns  to 1 a tmosphere without 
affecting the vacuum in the la rge  tes t  dome. Measurements  with the solid-state detector 
as the p r e s s u r e  was varied in the sma l l  chamber determined the range in a i r  of the alpha 
par t ic les  f rom the anode. F r o m  the measured  range and the well-known range-energy 
relationships(lS),  the energy of the alpha par t ic le  could be determined, 
age is then simply the energy a t  this voltage minus the energy with the anode grounded 
divided b y  the charge on the alpha particle. This technique has  the advantages that the 
measured  energy increment, AE, is not very  sensit ive to either the initial energy of the 
alpha par t ic le  o r  the physical dimensions of the detector. While it i s  t rue  that the volt- 
age determination comes f rom taking the difference between two la rge  numbers ,  analysis  
of the data and techniques indicate an accuracy of better than * lo  pe r  cent a t  l o5  volts 
and higher. This accuracy is  competitive with any other high-voltage measurement  in 
the 105 to 106-volt range. 
continuous high-voltage measuring device. 

The anode volt- 

By use of a ra temeter ,  the technique was converted to a 

The photograph to the right in Figure 1 2  shows the vacuum tes t  chamber and the in- 
strumentation associated with the init ial  alpha-cell experiment. The vacuum chamber is 
a s ta inless  s tee l  bell j a r  24 inches in diameter  and 56 inches high which sea l s  to a stain- 
l e s s  s tee l  base plate. 
by a 46-cfm forepump. 
on top of the diffusion pump and sealed almost  direct ly  into the base  plate. With this 
arrangement  pressures  in the 
quartz  window is sealed into the top of the vacuum dome for  visual observation of the 
exper im e n  t. 

The chamber i s  evacuated by a 6-inch oil-diffusion pump backed 
A 6-inch chevron cold t r a p  (liquid-nitrogen cooled) is  mounted 

m m  Hg range a r e  readily attainable. A 4-inch 

Voltage BuilduD ExDer iment s 

To determine the high-voltage-buildup l imits  of the apparatus ,  p r io r  to inserting 
the alpha source a special anode was installed on the quartz  tr ipod inside the vacuum 
chainber with small  cerium-144 - praseodymium-144 beta sources  attached to the top of 
the anode. 
microdischarging was initiated which abruptly termined fur ther  voltage buildup. 
pr ior  to the alpha experiments, it was determined that the apparatus  was capable of 
sustaining 50, 000 volts without breakdown. 

With beta emission,  the anode charged up to 50, 000 volts. At this voltage, 
Thus,  
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Voltage buildup with the alpha cel l  was measured  for  a variety of gr id  biases. 
maximum of 50 ,000  volts was obtained in these initial experiments,  which was the upper 
l imit  of the equipment and sufficient to  prove the principle of operation. 
of -800 volts was sufficient to maintain this potential. 
charges  were  again responsible f o r  the limitation in voltage buildup. 
shown that this microdischarging is a threshold phenomenon, i. e. , essentially no 
microdischarges occur until the voltage attains a c r i t i ca l  value, at which voltage the 
microdischarging i s  initiated with a frequency such that the cur ren t  leakage in the dis- 
charging just  matches the charging current. 

A 

A grid voltage 
It was observed that microdis- 

Observations have 

A h h a -  C e l l  Cur rents  

Measurements  in the initial experiments included a determination of ce l l  cur ren ts  
The predictions for ce l l  cur ren ts  were  as a function of gr id  bias a t  zero  anode voltage. 

derived previously and i l lustrated in Figure 4. Below a few hundred volts on the grid, 
the energy distribution of the secondary electrons will  affect the cur ren ts ,  but at high 
negative gr id  bias,  the gr id  and cathode cur ren ts  should be independent of gr id  bias. 
F r o m  the previous analysis,  the cathode cur ren t  would be expected to be la rger  than the 
alpha-particle cur ren t  by an amount (1 - x) fqgIo, which represents  a flow of secondary 
electrons formed a t  the gr id  back to the cathode. Of course,  i t  would be hoped that the 
gr id  cu r ren t  is sma l l  enough that a positive net current  i s  obtained f rom the device, 

i* e- 9 Icathode Igrid ' 
The measured  cur ren ts  a r e  shown in Figure '13. A s  seen f rom these data ,  the cel l  

cur ren ts  were  found to behave ve ry  nearly a s  expected in the ideal case. 
g rea t e r  than -500 volts, the cur ren ts  a r e  essentially independent of changes in gr id  
voltage. The cathode (Ico) is grea te r  than the net cur ren t  (Ic), and the charging cur ren t  
IC (the net  f rom the grid-cathode assembly) i s  a positive cur ren t  so that buildup of anode 
voltage could be ekpected. 

At gr id  bias 

Other ExDerimental Resul ts  

Energy Distribution of Secondary Electrons. The energy distribution of secondary 
electrons formed a t  the cathode a s  the alpha par t ic les  emerge  i s  reflected by the grid- 
bias curve shown in F igure  14. As seen f rom these data, more  than half of the secon- 
dary  electrons produced by the alpha particles a r e  collected at the gr id  with a positive 
potential of 10 volts and near ly  all a r e  collected with 100 volts on the grid. 
behavior i s  consistent with observations that the most  probable energy of the secondary 
electrons i s  4 to 10 ev. 

This general  

Secondary-Electron Yield. F r o m  a detailed study of the cur ren ts  in the alpha cell ,  
the secondary-electron yield was determined to be 9. 2 electrons for each alpha par t ic le  
emerging f r o m  the thin gold layer covering the polonium on the cathode. ( 3 )  This yield 
determination i s  a refinement of the measurement  performed in the prel iminary study 
d iscussed  previously and indicates that the ea r ly  value of 8. 2 was a fa i r  approximation 
to the actual  yield. 
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Effect of P r e s s u r e  on Voltage Buildup. The effect of test-chamber p r e s s u r e  on the 
maximum voltage buildup was briefly examined and some ra ther  interesting Dhenomena 
observe 
emi t te r  
pendent 

- x  

d. Figure 15 shows the effect  of p re s su re  on voltage buildup when using a beta 
to  charge up the anode. As seen f rom these data, the anode voltage was inde- 
of pressure  below about mm Hg. Between and 10-3  mm Hg the voltage 

- 

dropped to  zero. 
vacuum value. 
again. This rather anomalous behavior is  roughly the same as that which was observed 
by Linder and Christian at  RCA with a beta emitter.  ( 2 )  The peak in voltage may  be due 
to a surface-cond.ition effect  on secondary-electron and ion emission. 
c r e a s e  in voltage above 

Then a t  l o m 3  mm Hg it increased rapidly to about twice the high- 
Further  increase in p re s su re  caused a rapid decrease  to zero  voltage 

The rapid de- 
mm Hg is  apparently due to ionization of the gas. 

The same experiment was repeated with the alpha cell ,  with resu l t s  a s  shown in 
F igure  16. As seen f rom these data, again below 
was constant, The behavior above l o e 4  mm Hg was qualitatively the same a s  observed 
with the beta device, i. e . ,  with increasing p res su re ,  the voltage f i r s t  decreased,  then 
peaked and finally dropped to zero  above 10-3 m m  Hg. 
g ross  discharges were observed, and the pressure-voltage curve contained additional 
peaks. 

mm Hg p res su re  the anode voltage 

However, near  10-3 mm Hg a few 

Except for these studies of voltage behavior with p re s su re ,  all experiments were 
performed a t  p re s su res  of about to mm Hg pressure .  However, it appears  
f r o m  these data that only 
alpha cell. 
in it ia 1 expe r iment s . 

mm Hg p res su re  is required for the operation of the 
This study was limited, of course,  to the 50,  000-volt range obtained in these 

Amplification Factor  of Grid. The ability of the theoret ical  expression for  amplifi- 
cation factor,  p, in a triode electron tube, Equation ( 2 8 ) ,  to descr ibe the amplification 
factor of the grid in the alpha cel l  was checked experimentally during the initial experi-  
ments. 
bias  was limiting voltage buildup and to obtain a measurement  of the amplification factor 
of the grid. The data 
a r e  shown graphically in Figure 17 .  
voltage buildup; ra ther ,  voltage buildup was limited by microdischarges a s  discussed 
previously. 
-800 volts) ,  a rough measure  of the amplification factor can beobtained. 
inability to accurately measu re  low voltages with the alpha-particle voltage-measuring 
technique, there  is considerable scat ter  in the data. 
behavior in the curve of anode voltage VA versus  grid voltage Vg, a g ross  measu re  of 
p is given as p = AV,/AV 
calculated f rom Equation f28). Although experiments a t  higher voltages must  be rel ied 
upon to obtain a more accurate  comparison, it appeared f rom this study that the theo- 
re t ica l  prediction is sufficiently valid for  prel iminary design purposes. 

The purposes of this particular experiment were twofold: to determine if gr id  

Maximum anode voltage was measured  a s  a function of gr id  bias. 
As seen f rom these data,  grid bias was not limiting 

Over the grid-voltage range where the gr id  bias is  the limiting factor (up to 
Due to the 

Although there  may  be a nonlinear 

- = 50. This value compares  favorably with the value of 41 

Mic r odis char  pe s 

The data on the amplification-factor measurement  shown in F igure  17 emphasize 
the effect of microdischarges on limiting voltage buildup in the alpha cell. 
theoret ical  and experimental status of high-voltage breakdown a c r o s s  a vacuum gap 
indicates that a cri t ical  cur ren t  of the order  of 

The present  

amp i s  required to initiate 
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breakdown. (16) Interchange of cur ren t  between electrodes a t  values below the c r i t i ca l  
cur ren t  occurs  in the f o r m  of microdischarges.  (I7) It has  been suggested(18) that the 
microdischarges a r e  due to  par t ic les  o r  clumps of foreign ma te r i a l  ejected f rom the 
electrode surfaces by the electr ic  field. 
servat ions of microdischarges with voltage buildup with betas  indicated that the dis-  
charges  f i r s t  occur a t  about 50 kv and then occur with increasing frequency up to a 
limiting voltage of approximately 100 kv. 
cu r ren t  contained in the microdischarges offsets the charging cur ren t .  The discharge 
frequency as a function of anode voltage i s  shown in Figure 18 for  an experiment using 
the alpha-cell  apparatus but using beta emission for voltage buildup. 
measurements ,  it has  been estimated that about 1Olo electrons a r e  contained in each 
microdischarge.  In the initial alpha-cell  experiment,  the voltage never  exceeded the 
threshold voltage f o r  onset of microdischarging of about 50 kilovolts. The appearance 
of the very  definite threshold voltage for microdischarging explains the sudden stop in 
voltage buildup with time in the initial experiments.  

Whatever the mechanism,  simultaneous ob- 

Presumably,  a t  this voltage, the leakage 

F r o m  very  crude 

Summ ar y of Rat t e 11 e - S pon so r e d 
Alpha Cell  Exuer iments 

._. . - - __. ._ - _- 

The init ial  experiments gave a voltage buildup of about 50, 000 volts, which was 
ve ry  encouraging. This was sufficient to prove the principle of operation (a t  least  in the 
low voltage range) and to permit  extraction of prel iminary values of design parameters .  
The experiments  also vividly showed the microdischarge problem to be the main experi- 
mental  obstacle to obtaining higher voltages. 
clusion of the initial experiments was that of how basic a limitation the microdischarging 
presented. 
inherently a low-current device. 

The big question remaining a t  the con- 

The seriousness of this problem a r i s e s  f rom the fact that  the alpha cel l  is 

The next logical step in the demonstration of alpha cel l  feasibil i ty appeared to be 
to extend the voltage capability to near  the l-megavolt range, where efficient operation 
is  possible, and to determine the character is t ics  of the cel l  under these conditions. 
problem of microdischarging would be attacked through insulator design, utilizing the 
present ly  available technology. The remainder  of this section of the repor t  descr ibes  
the "second generation" of experiments performed under contract  with NASA with ap- 
paratus  redesigned to attempt high voltage buildup. 

The 
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Vac uum- Fa c i l  i t v De s c r iD t i on 

The high-vacuum system was designed to maintain a vacuum of 10-7 t o r r ,  a pres -  
s u r e  shown by the initial experiments to be seve ra l  o r d e r s  of magnitude below that re-  
quired to sustain 50,000 volts. F igure  19 is a photograph of the vacuum tank, showing 
the feedthroughs for the e lec t r ica l  connections and for  the alpha voltmeter. The vacuum 
chamber is a 3/16-inch-thick Type 304 s ta inless  s tee l  bell  j a r  24 inches in diameter  and 
62 inches in height. 
and flanged a t  approximately i ts  midplane, providing unrestr ic ted admittance for in- 
se r t ion  of the experiment. 
access  to the experiment. 

As seen f r o m  the photograph the chamber is horizontally sectioned 

Viewing ports  on both halves of the chamber provide visual 

A 6-inch oil-diffusion pump having a maximum unbaffled pumping speed of 1440 
l i t e r s /  sec a t  10-3 t o r r ,  backed by a 26-cfm mechanical compound pump maintains the 
vacuum a t  
located immediately above the diffusion pump minimizes  the back s t reaming of pumping 
fluid vapors. 
vacuum chamber,  The pneumatic valve in the 6-inch line together with a 2-inch pneu- 
mat ic  valve in the forel ine protects  the pumps and alpha-cell experiment against  g ros s  
o i l  migration in the event of pump failure. 
f rom the alpha emitter,  the exhaust vapor f rom the forepump exits into a leaktight ex- 
haust s tack through a Cambridge absolute fi l ter .  
denses  oil  vapors to prevent saturation of the absolute fi l ter .  

to 10-7 t o r r  without bakeout. An optically dense cold t r ap  (Freon  cooled) 

A 6-inch line with pneumatic valve connects the pumping complex with the 

Because of possible air-borne contamination 

A cold t r ap  in the exhaust line con- 

To expedite experiments determining the dependency of the cel l  cur ren ts  and volt- 
age on p res su re ,  the vacuum chamber is  equipped with a "variable leak". 
of the leakage is  variable f rom 100 crn3/sec to 
the chamber through the leak by passing room a i r  through a 24-inch column of desiccant. 

Conductance 
cm3/sec .  D r y  air is admitted to 

Ahha-Cel l  Experiment Design and Description 

This section of the report  descr ibes  the four principal components of the experi-  
ment: anode, cathode, gr id  and anode insulator. F igure  2 0  is  a sketch of the alpha cel l  
components installed in the vacuum facility which shows the arrangement  of the various 
components. 

Anode Design. The anode and anode-insulator assembly a r e  shown in the photo- 
graph of Figure 21. The anode consists of a 6-inch-diameter aluminum tube which i s  
highly polished, as seen f rom the photograph (average depth of surface i r regular i t ies  
es t imated to be 1 to 10 microinches).  The length of the straight portion of the anode is 
approximately 22 inches. At the bottom, the anode joins smoothly to a spherical  dome 
which i s  supported by the anode insulator. The top end of the anode is  open to receive 
the grid-cathode assembly. A lip arrangement  is fitted onto the top end of the anode to  
reduce the electric field a t  the edges. The c i rcu lar  depression shown in the side of the 
anode i s  the holder f o r  the smal l  auxiliary alpha source  used for  the alpha voltmeter. 

Insulator Design. Because of the microdischarging problem encountered in the 
Hattelle sponsored experiments,  particular emphasis was placed on insulator design. 
The quartz tripod arrangement used in the ear l ie r  experiments  was abandoned, 
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principally for  s t ructural  reasons ,  in favor of a s imple cylindrical  geometry,  shown in 
F igu re  2 1  and sketched in detai l  in F igure  2 2 .  Per t inent  information was gleaned f r o m  
the l i te ra ture  to  serve as a guide in insulator design, 
design reasoning a re  stated below. 

The principal observations and 

( 3 )  

(4) 

In the use of high-voltage insulators in vacuum, electrons and negative 
ions a r e  preferentially emitted at, o r  in the immediate vicinity of, the 
negative junction. 
toward the positive electrode and upon striking solid m a t e r i a l  l iberate  
X-rays,  secondary electrons,  and ions. These secondary par t ic les  
fur ther  the voltage-breakdown process.  
the base making the negative junction, the breakdown voltage can be 
significantly increased. (19, 20) 

These gain energy in t ravers ing  the evacuated space 

By recessing the insulator into 

Referring to  F igure  2 1 ,  the metal-to-dielectric junction, a t  the 
bottom of the insulator,  was constructed with an  undercut r e c e s s  in the 
aluminum base. The insulating g lass  was attached with a n  epoxy resin.  
This recessing of the insulator combined with the use of epoxy res in  
reduces the high fields between the insulator and aluminum base. 

Although it  has been observed that surface resis t ivi ty  and cer ta in  other 
fac tors  affect vacuum-breakdown voltages, each of these fac tors  alone 
generally has  a less striking effect than the junction phenomenon. (l9) 
Since the insulator res is tance must  be g rea t e r  than 1014 ohms, the 
readily available candidate ma te r i a l s  a r e  the glazed ce ramics  and ha rd  
glasses.  
this parameter  was not a factor in insulator design. 

Since both of these mater ia l s  have s imi la r  surface resis t ivi ty ,  

The voltage a t  which electrons a r e  re leased  a t  the negative junction and 
the breakdown voltage both appear  to be lower for  ma te r i a l s  of higher 
dielectric constant. (20721) Since h a r d  g lasses  generally have lower 
dielectric constant, quartz  was selected over a glazed ce ramic  as the 
insulator mater ia l .  

Voltage grading provides a uniform electr ic  field along the insulator, 
thereby preventing a localized accumulation of charge and consequent 
flashover. ( 2 2 )  

The design of the anode insulator as a s e r i e s  of quartz  r ings separated by aluminum 
r ings was based on the resu l t s  of experiments performed at the Ion Physics  
Corporation. (22) The g lass  was bonded to the aluminum with epoxy. 
data indicate tnat each ring should be capable of sustaining about a 60-kv potential 
difference; the total stack therefore  should support  400 to  500 kv. It should be noted that  
these design factors apply s t r ic t ly  only to the case  of t rue  high-voltage breakdown where 
cu r ren t s  a r e  available of sufficient magnitude to cause flashover.  It is assumed that 
these fac tors  a l s o  apply in a t  l eas t  a general  wa to the micro-discharge problem where 
the total  cu r ren t  available i s  of the o rde r  of l o m g  amp. 

The available 

Cathode Design. The principal changes in cathode design over  that used in the 
ea r l i e r  experiments were an increase  in the diameter  of the emitting layer  f r o m  1/2 in. 
to  1. 0 in. ( to reduce the local e lectr ic  field) and in the use  of a covering of s ta inless  
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L 

s t ee l  foi l  ra ther  than gold. 
contamination of the experimental  apparatus due to migrat ion of the alpha emitter. 
Polonium-210 was again selected as the alpha emit ter  f o r  the purposes  of the experiment  
because of its high specific activity (short  half-life). 
Monsanto Research Corporation. 

This la t ter  change was made in an attempt to reduce g ross  

The cathode was fabricated by the 

The fueled portion of the cathode is 10 in. long and consis ts  of th ree  copper cylin- 
d e r s ,  each 3-1/3 in. by 1-in. OD. 
and then plated with a total  of 8. 85 cur ies  of polonium-210 (June 4, 1964). 
s t rength at the time of the experiment was approximately 6 cur ies .  Variation of the 
polonium content between the three  cylinders was determined to be l e s s  than about 2 
pe r  cent. 
which extends the en t i re  length of the cylinders. 
par t ic les  leaving the foil  is approximately 3. 5 MeV, and the resolution of the ene,rgy- 
spec t rum peak is between 10 and 15 per  cent. 

The copper was f lashed with a thin coating of gold 
Source 

The source ma te r i a l  was wrapped with a 0.0001 59in. -thick s ta inless  s t ee l  foil  
The end-point energy of the alpha 

Grid Design. Gr id  design was based on the f i r s t -order  principles stated previously 
in the discussion of the theory of operation of the alpha cell. 
cathode and anode given by other considerations,  e. g. , vacuum-facility dimensions, 
voltage breakdown, and end losses ,  the objective of the gr id  design was to  achieve an 
amplification factor of 50 and an f-factor (screening fraction) of 0. 1 o r  less .  
fication factor  of 50 was based on the anticipated abil i ty of the gr id  insulation to main- 
tain a potential of 10 kv and on the anode insulator to  support  500 kv. 
for  the grid-circle radius  (1 in. ), cathode radius (1/2 in. ), and anode radius (3  in. ), 
f r o m  Equations (26) and (28), the product (Ndg) is determined,  where N is the number of 
gr id  wires  and dg is the diameter  of the wires .  Figure 23 shows the gr id  constructed on 
the bas i s  of the curves of Figure 24, which show the f-factor and number of gr id  wi re s  
required ve r sus  wire diameter  to achieve the des i red  amplification factor with the given 
dimensions.  As the graph shows, to obtain an f-factor of l e s s  than 0. 1, the grid-wire 
diameter  mus t  be less  than 11 mils. Selecting a 10-mil diameter  to coincide with com- 
mercial ly  available wire ,  the number of wires  selected was 56, which is the even num- 
be r  c losest  to  that indicated by the analysis.  Using these values,  the calculated 
f-factor  and amplification factor of the grid a r e  0. 0955 and 48. 5, respectively.  

With the dimensions of the 

The ampli- 

With given values 

FIGURE 23. GRID USED IN ALPHA- 
CELL EXPERIMENTS 
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Figure 25  i s  a photograph of the alpha ce l l  experiment installed in the vacuum 
chamber.  

Ins t r um e nt a tion 

The alpha cel l  is instrumented for measuring anode voltage, grid and cathode 
cur ren ts ,  and chamber p re s su re .  

Anode voltage i s  measured  using the previously descr ibed alpha-particle volt- 
me te r .  The alpha 
par t ic les  emerging from the smal l  anode source a r e  detected through an air-fi l led 
chamber by a surface-barr ier  detector in conjunction with a charge-sensit ive p re -  
amplifier and low-noise amplifier.  The signal i s  then fed into a single-channel differ-  
ential  analyzer .  With the analyzer in the differential  mode (calibration channel), the 
signal i s  fed into a sca le r - t imer  unit for determination of the range of the alpha par t i -  
cles in the small  air-fi l led chamber in front of the detector.  In the integral  mode of 
operation (recording channel), the signal i s  directed to a ra temeter  and then to  a r e -  
corder  for a direct  anode-voltage reading. 

Figure 26 i s  block diagram of the complete measuring c i rcu i t .  

Grid voltage i s  supplied by a 0 to 10-kv battery power supply. The gr id  and 
cathode cur ren ts  a r e  measured  through Keithley Model 410 micromicroammeters .  
These cur ren ts  can also be recorded directly to study transient effects.  

P r e s s u r e  in the smal l  alpha-voltmeter a i r  chamber i s  determined from a m e r c u r y  
manometer .  
cathode gage. and control unit. 

P re s su re  in the high-vacuum chamber i s  measured by a Hughes cold- 

Pr e lim inarv Me a s u r  e ment s and Calibrations 

P r io r  to installing the polonium-coated cathode, anode capacitance, insulator 
res is tance and background cur ren ts  were measured ,  and the alpha voltmeter calibrated.  
These resu l t s  a r e  briefly summarized below. 

CaDacit anc e and Re s is  t anc e Me a sur  eme nt s 

The anode capacitance to ground was determined f rom a capacitance-bridge mea-  
surement  to be 62 ppf. 
55 ppf treating the grid,  anode, and vacuum chamber arrangement  a s  a segment of an  
infinite t r iaxial  system. .'. 

This value compares  favorably with the calculated value of 

.*, 

Because of the extremely high resis tance of the anode insulator,  the magnitude of 
its res is tance could not be determined. However, time-constant determinations showed 
its value to be much grea te r  than 1014 ohms, which i s  sufficiently large to produce a 
negligible drain o n  the anode during operation of the experiment. 

- -____-__ 
*The coefficient< o f  Capacitance and inductance l is ted ab Equation (44)  in the midpoint report were found to be in error. 

~ A T T E L L E  M E M O R I A L  I N S T I T U T E  



57 

12670 

F I G U R E  25. A L P H A - C E L L  E X P E R I M E N T  I N S T A L L E D  I N  
V A C U U M  C H A M B E R  

B A T T E L L E  M E M O R I A L  I N S T I T U T E  



58 

Detectolab 0 215 

Differential Analyzer 
- Single Channel 

- 

Po2'' Auxiliary 
Alpha Source c --*. - I ORTEC I 

r -- - - - - I  

I 

- --- -- 1 

Po2'' Auxiliary 
Alpha Source 
--*--- ORTEC 

SCCJ 150-60 

ORTEC - 101 
Charge -Sensitive 

Preamp 

I I Baird Atomic I Baird Atomic I 
I 

I Ratemeter I Timer-Scaler I I .  
I 
I 

Recording Channel 

I 

A - 48279 

FIGURE 26. ALPHA-VOLTMETER CIRCUITRY 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  



59 

Grid and Cathode Currents  With 
No A h h a  Emit ter  

The gr id  and cathode cur ren ts  were determined to be of the order  of amp 
with no alpha emit ter  on the cathode. 
a r e  seve ra l  o rde r s  of magnitude below the cu r ren t s  present  with the fueled cathode 
(10-8 to 
currents .  The principal source of the small  res idua l  gr id  cur ren t  i s  leakage in the 
bat tery power supply. 

As will  be seen f rom la te r  data, these cur ren ts  

amp),  and thus no correction to the fueled data is required for  background 

Alpha- Voltmeter Calibration 

As mentioned previously, the alpha voltmeter operates  on the principle of change 
of alpha-particle range in a i r  with alpha-particle energy. 
( integral)  count ra te  detected by the surface-barr ier  detector as a function of air pres -  
su re  in the thin-windowed chamber interposed between the detector and a small (23 
mil l icur ies)  polonium-210 source mounted on the anode (at  the position shown in 
F igure  21). 
Although this voltage-measurement technique is ra ther  inaccurate below about 50 kilo- 
volts, a check on the voltmeter performance was obtained by applying 30 kilovolts to the 
anode f rom an external  power supply and observing the shift in the count-rate curve. 
These data were then compared with the predicted shift based on the alpha par t ic le  
range-energy relationship. The resul ts ,  shown in Figure 2 7 ,  indicate excellent 
agreement. 

F igure  27 shows the total  

The lower curve is the base-line curve obtained with the anode grounded. 

F o r  a fixed p res su re ,  the range of l inearity of voltage with count ra te  i s  limited. 
The nonlinearity can be accounted f o r  by mpasuring the shift in energy spectrum of the 
alpha par t ic les  striking the surface-barr ier  detector.  (This  method, in fact ,  can be 
used over the ent i re  range of interest  but is experimentally inconvenient. ) The peak shift 
i s  determined by a multichannel analyzer substituted in the calibration channel of the 
alpha-voltmeter c i rcui t  ( s ee  F igure  26). The channel shift was calibrated in t e r m s  of 
energy change by determining the channels a t  which the peaks of known alpha emi t te rs  
occurred.  
bare ,  thin sources  were used, with typical resu l t s  a s  shown in Figure 28.  Also shown 
in this f igure is the zero-voltage energy spec t rum of the alpha par t ic les  seen by the 
sur face-bar r ie r  detector through the mica window of the voltmeter chamber. 
l inearity of the channels with energy, the polonium-21 0 and plutonium-239 calibrations 
both yield 0.0248 Mev/channel. 
by comparing the channel shift between the two calibration sources.  
yields 0. 027 Mev/channel, with a t  least  i 5  per  cent e r r o r ,  w h i c h  is  in good agreement  
with the l inear value of 0. 0248 Mev/channel. 

F o r  this calibration, plutonium-239 (5. 14 MeV) and polonium-210 (5. 30 MeV) 

Assuming 

A rough check on the assumption of l inearity was made 
This comparison 
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Experiments With the New Alpha Cell 

Upon completion of the measurements  and calibrations with no alpha emi t te r  
present  in  the experiment, the polonium-coated cathode descr ibed previously was in- 
ser ted  into the vacuum chamber and data obtained f r o m  the new experiment.  The r e -  
sults a r e  presented below along with analyses of the data.  

Cell Currents  With Anode Grounded 

The f i r s t  important resul t  required from the experiment was to demonstrate  that  
a net positive current flows upon application of large negative voltage to the grid. TO 
obtain this information, the cathode cur ren t  IC, and grid cur ren t  Ig were measured  as a 
function of negative grid bias with the anode grounded. These data a r e  shown in Fig- 
u r e  29. 
which i s  the algebraic sum of the grid and cathode cur ren ts ,  i s  indeed positive; thus,  
voltage buildup can be expected when the anode is ungrounded. 
reached their  limiting value with -500 volts on the gr id ,  and there  i s  no leakage cur ren t  
between the electrodes.  * 

The resul ts  show that the net cur ren t  IC f rom the grid-cathode assembly,  

The cur ren ts  near ly  

The detailed behavior of the grid cur ren t  a t  smal l  grid bias i s  shown in Figure 30. 
This current-voltage curve reflects the energy spectrum of the secondary electrons 
present  in the cell. 
than half of the secondary electrons a r e  collected at the gr id  with a positive bias of 
10 volts, and nearly a l l  a r e  collected with 100 volts. 
collects a l l  secondary electrons,  both those emitted a t  the cathode by the emerging 
alpha par t ic les  and those emitted at  the anode by the impinging alpha par t ic les .  
ondaries formed at the grid by the sma l l  fraction of alpha par t ic les  striking the gr id  
a r e  retained a t  the gr id  with large positive bias.  
the gr id  suppresses  secondary-electron emission a t  the cathode and anode, and the gr id  
cu r ren t  i s  that  due to  secondary electron production a t  the gr id .  Thus, except for  a 
sma l l  contribution to grid current  f rom the positively charged alphas striking it, the 
difference between the saturated values of I a t  positive and negative bias represents  
the total  secondary electron cur ren t  generated in the device, which is approximately 
10-7 amp compared with an alpha-particle charging cur ren t  of about 10-8 amp.  This 
comparison emphasizes the task of the grid in the alpha cell.  
rent  a t  negative grid bias which i s  mos t  important to cel l  operation. 

As was observed in the ea r l i e r  experiments (see Figure 14), m o r e  

At large positive bias ,  the grid 

Sec- 

On the other hand, a t  negative bias,  

g 

Of course ,  i t  is the cur-  

Figure 31 shows the detailed behavior of the cathode cur ren t  at sma l l  gr id  bias .  
At positive grid voltage, all  secondaries formed a t  the cathode escape along with the 
emitted alpha particles,  which a r e  not affected by grid bias .  
the gr id ,  the cathode current  i s  a large negative cur ren t .  Also note that for positive 
bias i t  requi res  several  tens of volts to revea l  a l l  the cathode secondaries  - there  i s  an 
exchange of electrons between electrodes which is not completely suppressed a t  voltages 
near  zero .  
suppressed,  and a f ract ion (1 - x )  of the secondaries  formed a t  the gr id  a r r i v e s  at 
the cathode, appearing a s  a positive addition to the alpha-particle cur ren t .  
seen in Figure 31 that the cathode cur ren t  approaches i t s  l imit  m o r e  slowly when gr id  
bias i s  negative than when grid bias i s  positive. This ref lects  the fact  that  i t  i s  e a s i e r  
to  a t t rac t  electrons from the cathode than to suppress  their  emission ( turn them back).  
*A srnall leakage observed 111 preliiniriary data presented in the midpoint report was found to be In the external circuitry and 

Note that with no bias on 

At large negative grid bias all  secondaries  formed at the cathode a r e  

It is a l so  

was eliminated. 
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Cell Pa rame te r s  When Anode i s  Grounded. Using the previously derived relations 
for  the cel l  currents  a t  large negative grid bias [see Equations (8) and (9)] , we have 

Ig = - f ( l  t qg)  I, . 

By using calculated values of the alpha-particle cur ren t  Io and of the f-factor,  these 
two equations permit evaluation of r )  
for  this evaluation and for comparison with resu l t s  of the previous experiments a r e  
given in Table 4. 
alpha-particle loss and the charge degradation due to  the presence of the metall ic foil 
wrapped over the polonium-2 10. 
observed variation of mean alpha-particle charge,  E, with par t ic le  e n e r g ~ ( ~ 3 )  by a s tep 
function: 

and x to a f i r s t -order  approximation. The data g 

To calculate Io f rom the source strength,  one must  consider both the 

These correct ions were estimated by replacing the 

0 E C 0.65 Mev 

2 .0  E > 0.65  Mev . 
The range of alpha par t ic les  in the covering ma te r i a l  was then taken as that length, 
Reff, which reduced the alpha par t ic le  energy to 0.65 MeV. The stopping power was 
assumed to be constant over the energy interval  0 .65 Mev 5 E 5 5.30 MeV, and devi- 
ations of particle paths f rom straight lines were neglected. The alpha par t ic le  cu r ren t  
is then given as 

Io = 1 /2  DeZ, (1 - t / R e f f )  , (46) 

where D is the disintegration ra te  in the emi t te r  (determined f rom the reported cur ie  
content), e is the electronic charge,  Zo i s  the alpha-particle charge at bir th ,  t is the 
thickness of the metall ic foil covering the polonium, and the factor of 1 / 2  accounts for  
the fact  that only half of the alpha par t ic les  a r e  emitted radially outward from the fuel  
layer  . 

The resulting parameters  obtained from combining the calculations with the cur -  
ren t  measurements  a r e  listed in Table 5 for the two experiments.  This comparison 
shows seve ra l  unexpected resul ts .  
reflected by qg is  m o r e  than a factor of two la rger  in the new experiment,  whereas 
the x-factor (the fraction of secondary electrons formed at the grid which escape to 
the anode) i s  considerably smal le r .  As a resul t ,  the net fractio'nal loss in  charging 
cur ren t ,  6, is the same in the two cases ,  where 

The secondary-electron production a t  the gr id  as 
>;c 

IC = IC, -k I g =  [ l  - f ( 1  4- xq )I = (1 - 6 )  Io . g o  

Presumably,  the change in x is due to the differences in geometry in  the two experi-  
ments ,  since the grid-wire diameter  and ma te r i a l  were  held constant. 
qg was not understood until the experiment was opened f o r  visual observation a t  the 
conclusion of the experimental  studies.  
partially oxidized. Presumably,  they were in this condition a t  the t ime of inserting 
the grid-cathode assembly into the chamber , but the oxidation had gone unnoticed. 
Generally an  oxide layer on a metal  increases  the secondary electron emission. (24) 
.The  secondary-clectron yic1cI A is related to 7 by /I = v  z, where t is the average charge on an alpha particle striking the 

The change in  

It was then observed that the s tee l  wi res  were  

grid. Hence the yield 1% appro\ i inately twlce the magnitirde of 7 1 .  
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It should be pointed out that  these pa rame te r s  der ived f r o m  the data  a re  sensit ive 
to  the calculated values of f and Io and should be considered as  prel iminary resu l t s .  
The x-factor obtained in this manner  appears  to  be  much la rger  than would be  expected 
and is particularly sensitive to the choice of f and Io. However, the rat io  of the qg's in 
the two experiments is less  sensit ive to the choice, and even if  x is taken to  be zero,  
the Tg in  the new experiment shows up to  be a fac tor  of two l a rge r  than in  the previous 
experiment.  

The charge rat io  of secondary electrons to alpha par t ic les  at the cathode, TC, is 
obtained f rom the cathode cur ren t  with posit ive bias  on the gr id ,  

I:o = - (Tc - 1 )  Io . (47 1 

As previously observed(3),  the secondary emission f rom the cathode is slightly depen- 
dent on the gr id  voltage in a manner  similar to  the Schottky effect. 
a change in surface work function of 

This effect predicts  

A@ = ( e E / 4 ' r r ~ , ) ~ / ~  (48 1 

where E is the electr ic  field a t  the emit ter  which is proportional to  the applied gr id  
voltage. 
in work function is independent of a thermionic model  of emission.  On the other  hand, 
the effect of the change in work function on the secondary yield appears  t o  be the same 
as that for  thermionic emission, i. e . ,  the yield is related exponentially to the change in 
work function. 
the grid bias is sufficient to cut off interchange of secondary-electron flow between 
anode and cathode. 
Table 5. Since the cathode geometr ies  a r e  not radically different in  the two experi-  
ments  and since the secondary-electron emission is not strongly dependent on mate-  
ria1(24), it would be  expected that r), would be approximately the same  in the two 
experiments  (gold ve r sus  s ta inless  s t ee l  cover over  the polonium). 
Table 5 shows this to be the case .  

Although this effect is usually associated with thermionic emission, the change 

Figure 32 presents  a Schottky plot of the data above 100 volts,  where 

The yield at  z e r o  voltage is  found by extrapolation and is l is ted in  

The comparison in 

After the alpha ce l l  experiment had been in continuous operation in the vacuum 
chamber for  a month, the secondary-electron emission f rom the cathode was again 
measu red  as  a function of grid voltage. 
up to  10,000 volts, producing a maximum e lec t r ic  field at the cathode of the o rde r  of 
106 v / m .  
10,000 volts without breakdown. ) The 
data appear  t o  fit a Schottky plot over  the extended grid-voltage range.  
trapolation of a least-squares  fit to the data ,  the charge ra t io  a t  z e r o  e lec t r ic  field was 
determined to be 3 .  32. 
month e a r l i e r .  This difference is probably due to  a change in cathode surface condition 
with t ime.  

In this experiment  the gr id  voltage was var ied  

(This experiment also demonstrated that the gr id  design would sustain 
The resul ts  a r e  shown graphically in  Figure 33.  

F r o m  ex- 

This value is about 10 p e r  cent smaller than that obtained a 

Discussion of Results of Analyses. A genera l  observation to be made f rom the 
measurements  of cel l  cur ren ts  is  that their  qualitative behavior with gr id  voltage is i n  
accord with the reasoning behind the development of the detailed expressions fo r  the 
cur ren ts  leaving the individual electrodes.  
gr id  voltage a t  large negative bias fur ther  shows that t he re  a r e  no unexpected second- 
o rde r  electron-emission effects. [This is a par t icular ly  significant fact  in  view of the 
presence of such effects in a cel l  using fission fragments  as the charging particles.(25)] 

E A T T E L L E  M E M O R I A L  I N S T I T U T E  

That the gr id  cu r ren t  is independent of 
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The analysis shows that the two different gr ids  a r e  equal in their  reduction in the 
charging cu r ren t  (they have the same 6-factor), in spite of the design differences.  Al- 
though this striking constancy of the d factor in the two cases  r a i se s  the possibility that  
6 i s  a m o r e  fundamental character is t ic  of the cel l  (that i s ,  within l imits  one obtains 
the same  6-factor regard less  of geometry),  i t  i s  believed at p resent  that the agreement  
is fortuitous. 

By comparing the gr id  design parameters  derived f rom two experiments,  it was 
found that the fraction x of secondaries  formed a t  the grid which a r e  re leased to the 
anode is apparently quite sensit ive to geometry changes. 
differences in  the two experiments.  

Figure 34 summar izes  the 

Without attempting to explain the differences in the magnitudes of the x-factors in 

It i s  known that the dependency of the secondary-electron yield on the angle 
the two experiments ,  the fact  that  x is large can possibly be explained a s  shown in 
F igure  35. 
between the incident par t ic le  an4 the normal  to the surface i s  

where An i s  the yield at normal  incidence. (26J  2 7 )  Thus, the secondary-electron yield 
would be expected to  be very  large for the few alpha par t ic les  jus t  grazing the grid 
wires .  The large x-factors would indicate that many secondaries a r e  being formed in  
a position to be released to the anode. Possibly the few grazing collisions, with their  
exaggerated yield, a r e  causing most  of the losses .  

These grid design parameters ,  it appears ,  will require  repeated confirmation in  
order  to gain confidence in their  magnitudes. 
they a r e  related directly to the efficiency attainable with a gridded device. 

Their importance,  of course,  i s  that  

The value of qc is important only in demonstrating that some means of suppressing 
secondary electron emission f rom the cathode is  required.  
nitude will  a l so  have bearing on the high-voltage conversion technique. ) That an in- 
c r ease  in  T c  occurs  with electr ic  field is incidental to the cel l  performance.  However, 
it is significant to note that the Schottky-type enlargement of secondary-electron yield 
a t  the cathode with grid voltage i s  - not present on the secondary yield a t  the grid wires ,  
i. e .  , increase  of negative gr id  bias on the grid fortunately does not resu l t  in a l a rge r  
gr id  cur ren t .  
alphas a r e  emerging from the cathode but impinging on the gr id  wires .  It i s  plausible 
that the concentration of secondary electrons near  the cathode surface i s  much g rea t e r  
than the concentration near  the grid wire surface on a per  alpha particle basis;  hence, 
an applied field has  a m o r e  significant effect  on the emission at  the cathode. ‘” 

(It is possible that its mag- 

This somewhat puzzling difference may be related to the fact that the 

d, 

Initial Voltage Buildup 

The approach to high-voltage operation was initiated with the new emit ter  installed.  
This approach involved a s e r i e s  of steps with appropriate data a t  each voltage level. 
The f i r s t  level, 100,000 volts, was achieved a t  high vacuum ( less  than 10-6 t o r r )  with 
approximately -2000 volts on the gr id .  
prevented fur ther  increase in voltage buildup under high vacuum. 

Microdischarging was observed a t  100 kv and 

*The situation appears to be different w i t h  fission-fragment primaries, in which case the grid current has been observed to in- 
crease as the grid voltage btrcames iiiorc nL-gati.;e. 
failure to  obtain appreciable voltage buildup in a gridded device when  using fission-fragment primaries.(25) 

Thi: Schottky-type effect on  secondary-electron emission may explain the 
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in I- I/4-in.-diam circle 
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FIGURE 34. COMPARISON OF C E L L  GEOMETRIES IN TWO 
ALPHA-CELL EXPERIMENTS 

Grazing collision, giving high yield at location 
releasing secondaries to anode 

Grid wires --t 

wer yield, collision 

Cathode -+ 
A- 49296 

FIGURE 35. POSSIBLE EXPLANATION FOR LARGE X-FACTOR 
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After s eve ra l  hours '  operation at the 100-kv level a t  high vacuum, the maximum 
voltage attainable under the initial conditions appeared to decrease  to near  50 kv*, 
i . e . ,  some s o r t  of conditioning effect appeared to be present .  
was observed previously in the operation of a beta high-voltage generator  (see Figure 18 
and the accompanying discussion).  

This general  behavior 

Measurement of the voltage buj.ldup with t ime permit ted an independent check on 
the charging cur ren t  to the anode, 

where C i s  the anode capacitance and (dVa/dt), is the slope of the curve of anode-voltage 
buildup with t ime evaluated a t  t = 0. From a slope of 206 vol t s / sec  and measured  anode 
capacitance of 6 2  ppf the charging current  was determined to be 1.  28 x amp,  in  
good agreement  with the cur ren t  measurements  presented in Figure 29. (It is estimated 
that only 3 per cent of the current leaving the grid-cathode assembly flows out the end 
of the anode cylinder; the remainder f lows  direct ly  to the anode a s  the charging cur ren t . )  

Grid Control of Anode Voltage 

Figure 36 shows the net cathode current  a s  a function of grid bias a t  low voltages. 
It is seen  that in both the previous and in the new experiments the net current  becomes 
positive between -40 and -50 volts. 
grid designs have s imi la r  electron-caging charac te r i s t ics .  ) Thus, voltage buildup on 
the anode i s  possible whenever the grid voltage exceeds about -50 v.  
vacuum operation the gr id  was again found to control the anode voltage below the voltage 
l imit  s e t  by microdischarging. 
tion of the grid bias.  The sca t te r  in the data reflects the fact  that i t  i s  m o r e  difficult to  
determine voltages with the alpha voltmeter in the low voltage range. However a least-  
squares  f i t  of a straight line to these data produced an intercept at -40 volts '  grid bias, 
in agreement  with the data presented in the previous graph. As indicated previously, a 
gross  m e a s u r e  of the effective amplification fac tor  IJ. = AVa/AVg can be obtained from 
the slope of this line, neglecting possible nonlinearit ies.  Table 6 presents  a compari-  
son of p obtained in this fashion with the value calculated from the triode-tube formula,  
Equation ( 2 8 ) ,  for both experiments.  This comparison shows that the measured  ampli-  
fication factor in both cases  i s  within about 20 per  cent of the calculated value, but the 
measu red  value i s  not consistently higher o r  lower than the calculated value. 
agreement  i s  probably an indication both of the accuracy of the voltage determination 
at the lower voltages and of the validity of applying the triode-tube formula to the alpha 
cel l  system. These data a r e  interpreted a s  showing that the amplification factor of the 
alpha-cell  grid design can be predicted to a f i r s t  order  approximation. 

(This comparison fur ther  emphasizes  that both 

Under high- 

Figure 37 shows the anode voltage obtained as a func- 

This 

~ ~~ ~~~ 

*These observations of the initial beliavior of anode voltage wirh t ime were complicated by instrumentation malfunctioning and 
by the fact that voltage was not monitorcd nor maintainecl continuously during this initial period to allow for a prearranged 
series of experiments (voltagc buildup with t ime,  grid-control studies, ctc.)  
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TABLE 6. CALCULATED AND MEASURED GRID- 
AMPLIFICATION FACTORS 

Calculated p Measured p.(a) 

Previous experiment 41 50 

New experiment  48.5 40 

(a) Assumes linearity of anode voltage V, with grid voltage V so that /L = A v,/ A Vg is 
g simply the slope of the V a  versus V line. g 

Behavior of Cell Currents  With Anode Voltage 

The variation of the charging cur ren t  to the anode with anode voltage is reflected 
by the behavior of the voltage buildup with t ime.  
which was obtained f rom the average of s eve ra l  t r i a l s  in o rde r  to  eliminate fluctuations 
in the count-rate output f rom the vol tmeter .  
to 30 kilovolts indicates constant charging cur ren t  over  this range. Above 30 kilovolts, 
the r a t e  of buildup dec reases ,  indicating a decreasing charging cur ren t .  As will be 
discussed la te r ,  this dec rease  is presently attr ibuted to a voltage-dependency of the 
x-factor,  s ince at this voltage range no significant effect on alpha-particle t ra jec tor ies  
is to  be expected. At the t ime of the measurements ,  microdischarging was being ini- 
tiated as  low as about 40 kilovolts, abruptly terminating any fur ther  voltage buildup. * 

A typical curve is  shown in Figure 38, 

The approximately l inear  buildup f rom 0 

The transient behavior of ce l l  cur ren ts  with anode voltage is shown in Figure 39. 
Voltage buildup is initiated by removing a grounding bar  f rom contact with the anode. 
Looking f i r s t  a t  the grid current ,  it is seen that immediately upon re lease  of the 
grounding ba r  the cur ren t  flow to the grid increases  in magnitude stepwise and then 
remains  constant up to about 30 kilovolts. 
duced to the grid by the changing anode voltage, i. e .  , 

This s tep increase  is  due to the cu r ren t  in- 

where 
electrons,  and Cga i s  the coefficient of inductance between the gr id  and anode. 
second t e r m ,  responsible for  the step increase  in Igr  produces a charge accumulation 
on the gr id  and does not represent  a physical exchange of cur ren t  between the gr id  and 
the other electrodes.  
constant value as  shown in Figure 38, the cu r ren t  to the gr id  dec reases .  At the voltage 
where microdischarging is  initiated, the grid cu r ren t  attains a value equal in magnitude 
to  the cathode current but of opposite polarity, resul t ing in  a z e r o  net charging cur ren t .  
That the s tep increase in Ig is indeed due to  the changing anode voltage was checked by 
measuring Ig for severa l  steady voltages (UP to 20 k v )  applied to  the anode by an ex- 
te rna l  power supply 
s ta te  gr id  current  is constant with anode voltage and maintains the value measu red  with 
the anode grounded. 

= - f ( l  t qg)I0 is the grid cur ren t  produced by alpha par t ic les  and secondary 
The 

Note that a t  about 30 kilovolts, where dVa/dt breaks  f rom a 

These data,  a l so  presented in Figure 39, show that the steady- 

"It should be ernphasizcd that niicrodisctiarging is a tlircshvld plicllonlcnon. F O ~  example,  a t  voltages below the threshold where 
the grid controls the anode vol tage (Figure 37), no microdischargcs are observed. 
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Because of the weak interaction between the anode and cathode, the changing 
anode voltage produces only a slight shift of cathode current ,  a s  shown in the graph. 
Recalling that the cathode current  i s  

IC, = [ l  4- (1 - 
the observed change in  IC, with anode voltage is interpreted as a possible variation of 
the x-factor with anode voltage, i. e .  , the fraction of secondary electrons formed at  the 
grid which escapes to the anode appears to increase  with anode voltage, a s  would prob- 
ably be expected. 
ation. The resu l t s  a r e  shown in Figure 40 for the data f rom Figure 39 with the gr id  at 
-2000 volts and also for s eve ra l  other grid voltages. 
on the gr id ,  x apparently increases  f rom about 0 . 5  to 0 .8  a s  the anode voltage increases  
f rom 0 to 40 kilovolts. This interpretation i s  consistent with the previously discussed 
conjecture that many of the grid secondaries a r e  formed by alpha par t ic les  striking the 
grid wires  a t  grazing angles in locations where they can escape to the anode. 
u r e  40 also shows that the x-factor variation with anode voltage i s  dependent on grid 
voltage. 
voltage the change in x-factor i s  l ess  a t  a given anode voltage, which would be expected. 

With this interpretation, x (Va)  can he obtained f rom the Ico var i -  

It is seen that with -2000 volts 

Fig- 

Above 25-kilovolt anode voltages, the data indicate that with higher grid 

Returning to the current-voltage curves of Figure 39, it i s  seen that the mea-  
sured  net cur ren t  to  the grid-cathode assembly ref lects  the s tep change in gr id  cur ren t  
due to the changing anode voltage. 
slightly f rom 0 to 20 kilovolts. 
change in x-factor,  since IC = [ 1 - f ( l  + xqg)]I0. 
at higher anode voltage, assuming the IC, behavior above 20  kilovolts to be due to a 
changing x-factor.  
goes to zero .  

The actual net cur ren t  to the anode decreases  
This decrease is interpreted as result ing f rom the 

Presumably,  the decrease  continues 

At the voltage where microdischarging i s  initiated, the net current  

Discussion of the Results of Analysis of Cell Current-Voltage Behavior. The 
large (dVa/dt)  in the alpha cel l  generates induced cur ren ts  which mask  the actual 
current-voltage behavior of the charging cur ren t  to the anode. This fact prevents d i rec t  
observation of the t ransient  behavior of the cel l  charging cur ren t .  However, the cur -  
rent  to the cathode, which i s  shielded from the anode by the gr id ,  i s  near ly  f r ee  f rom 
induced cur ren ts  and may be used t o  study changes in cel l  parameters  with anode 
voltage. 
x-factor increases  appreciably with anode voltage. 
that  for high-voltage operation i t  mus t  be assumed in the design that nearly a l l  sec-  
ondaries formed at the grid will escape to the anode. 
emphasizes  the necessity for a smal l  f-factor, since charging cur ren t  losses  a r e  pro-  
portional to f (1  + xq ). 
sought in which the fraction of secondaries re leased to the anode can be reduced, pos- 
sibly by staggering the grid wires with respect to distance f rom the cathode so  that 
some of the wires  suppress  the electron re lease  from other wi res .  

Attributing the change in IC, to a change in the x-factor indicates that  the 
In t e r m s  of ce l l  design, this means  

This tentative conclusion fur ther  

Alternativeiy, the data s u g g e s t  that different g r id  designs be 

Microdis char  g e s  

The frequency of microdischarging at  42-kv anode voltage (vacuum chamber p re s -  
s u r e  4 x 
A typical scope picture of the discharging i s  shown in Figure 41, with a sweep of 1 s e c  

t o r r )  was observed by viewing the gr id  cur ren t  with an oscil loscope. 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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p e r  c m  (per large division). 
mate  agreement  with the 110 min'l frequency observed in the previous Battelle- 
sponsored experiment.  
iting voltage, the average charge ca r r i ed  in each microdischarge i s  es t imated to  be 
5 x 10-9 coul, o r  about 3 x 1010 electrons.  
rent  is monitoring all microdischarges in  the sys tem and hence is probably an upper 
limit to the average charge per microdischarge.  A probable lower l imit  of 2 x 109 
electrons pe r  microdischarge was estimated by examining the waveform of the dis-  
charges  on faster scope sweep. 

The observed frequency was 90 per  minute, in approxi- 

With a charging current  of about 0 .75 x 10-8 amp at the lim- 

This es t imate  assumes  that the gr id  cu r -  

FIGURE 41. OSCILLOSCOPE PICTURE OF MICRODISCHARGING 
AS VIEWED ON THE GRID CURRENT 

Lifetime Tes ts  

With -2000 volts on the grid,  the anode voltage was allowed to build up to the 
microdischarging limit (about 42 kv),  and this  voltage was observed for  s eve ra l  hours  
to  determine i f  any gross  discharges would sporadically occur .  The observation was 
terminated af ter  5- 1/2 hours at full  voltage. No g ross  discharges were  observed; the 
voltage remained constant within the ability to determine the voltage by the vol tmeter  
(about *5 kv).  P r e s s u r e  during the measurements  was steady at 4 x 10-7 t o r r .  

After the alpha ce l l  had been in continuous operation in the vacuum chamber for 
Again, no 6 weeks, the "lifetime" tes t  was repeated, this  t ime for a 60-hour period. 

instabil i t ies were  observed, although drift in the alpha voltmeter due to  p r e s s u r e  
changes in the voltmeter chamber precluded observation of slow anode voltage 
var ia t ions.  

This brief study showed that the alpha ce l l  was quite stable at the maximum 
voltage attained. 

Variation of Anode Voltage With Chamber P r e s s u r e  

Anode voltage was measured as the p r e s s u r e  in the vacuum chamber was var ied  
f rom the normal  operating p res su re  of 4 x 10-7 t o r r  up to 2 .  5 x l o m 2  t o r r .  
var iable  leak built into the system, the p re s su re  could be held constant at any des i red  
p r e s s u r e  in this  range by admitting a controlled amount of gas  to the sys tem continu- 
ously as it was being pumped. 

With the 

This was done for  severa l  points in each decade 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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p r e s s u r e  range, with continuous r eco rde r  monitoring of anode voltage between the 
fixed points. At each point, the  p r e s s u r e  was held constant sufficiently long t o  de te r -  
mine i f  a significant change in  voltage was occurr ing.  It was anticipated that a curve 
s imi l a r  to that obtained previously (Figure 16)  would be obtained showing a significant 
voltage increase near  10-3 t o r r ,  and it was planned to seek the maximum voltage at-  
tainable with this p re s su re  effect  by making sma l l  variations in p re s su re  in this range 
and by adjusting grid voltage. 
u r e  42, the anticipated anomalous behavior of anode voltage with p re s su re  was not 
found. 
and lom4 t o r r .  
below the drop off. 

However, a s  seen  f rom the resu l t s  presented in  Fig-  

Instead, the anode voltage dropped sharply to zero  at p re s su res  between 
As observed previously, the anode voltage was constant with p r e s s u r e  

The data plotted in Figure 42 represent  five different experiments .  The data f o r  
the upper three curves were obtained within a few hours '  span. 
there  i s  no difference in cutoff p re s su re  for various gases  introduced into the chamber  
and for  different grid voltage. The "wet" a i r  curve is for ordinary room air ,  whereas  
the dry a i r  curve is for room a i r  passed through a dessicant.  No large significance is 
attached to the small  changes in the anode voltage a t  the high-vacuum limit associated 
with these various cases .  Such differences a r e  within the accuracy of the voltage de- 
termination in  this range. The lowest curve was obtained 2 days before the others .  
F o r  this particular experiment,  the maximum voltage buildup was limited to 32 kv by 
microdischarging. This was the lowest voltage obtained during the course of the ex- 
per iments ,  i. e . ,  generally the microdischarging limited the voltage to 40-45 kv. Under 
the conditions of this experiment,  the p re s su re  a t  which the anode voltage dropped t o  
zero  was slightly higher than in the other experiments.  

These data show that 

The reasons for the failure to  obtain a higher voltage buildup near  t o r r  a r e  
not fully understood. 'The most  significant change between the new experiment and the 
previous one which might bear  on this effect i s  the change in geometry,  especially the 
change in anode diameter f rom 4 to 6 inches. 
t ry  ra ther  critically affected the operation of the system a s  an  ionization chamber ,  
i. e . ,  ionization may be occurring a t  lower p re s su res  in the experiment,  thereby mask-  
ing the beneficial effects of a smal l  amount of gas in suppressing undesirable charged- 
par t ic le  interchange between electrodes.  

It i s  possible that the changes in  geome- 

Variation of Cell Currents With P res su re  

With the anode grounded, the cel l  cur ren ts  were measured  as the vacuum chamber 
p re s su re  was varied from 2 x 10-7 to 2 .  5 x l o v 2  t o r r .  
for s eve ra l  grid biases: 
the result ing variation. 
rents  a r e  essentially independent of vacuum-chamber p re s su re .  Above t o r r  the 
grid and cathode currents  both increase  in magnitude, presumably because of ioniza- 
tion of the chamber gas .  
the net cur ren t  from the grid-cathode assembly i s  nearly zero .  

The measurements  were  made 
-2000, -3400, and -4800 volts. 
As seen f rom these data ,  below about 10-4 t o r r ,  the cel l  cu r -  

Figure 43 presents  a graph of 

At 2 5  microns,  the upper l imit  of the p re s su re  range studied, 

Increase in the magnitude of the grid bias resul ted in increased cur ren t  magni- 
The increasing grid bias a lso tudes in the pressure  range near l o m 4  t o r r  and above. 

lowered slightly the p re s su re  at  which the cu r ren t s  deviated f r o m  the constant high- 
vacuum values.  
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Comparing Figures  42 and 43, it is s een  that the anode voltage drops  to z e r o  
nea r  5 x 10-5 t o r r  p re s su re ,  even though the net (charging) cu r ren t  f r o m  the grid- 
cathode assembly to  the anode remains  approximately constant in  this region. 
indicates that  cur ren t  is leaking f r o m  the anode to the chamber  walls o r  down the in- 
sulator ,  i. e . ,  the loss in anode voltage with increasing chamber  p r e s s u r e  is not due 
to  leakage between the anode and gr id  but r a the r  between the anode and other s t ruc -  
t u r e s .  However, charging-current losses  at even higher p r e s s u r e  (above t o r r )  
may  be due to ionization between the grid and anode. 

This 

Resul ts  of Experiments  With Smaller  Anode 

The lack of an anomalous pressure-voltage effect with the init ial  geometry of the 
new experiment  (6-in.-ID anode) made it desirable  to reduce the anode inside d iameter  
to 4 in. , which was used in the ea r l i e r  Battelle-sponsored studies.  This was accom- 
plished by installing an in se r t  into the existing anode assembly. The resu l t s  of mea-  
surements  with the smal le r  anode and analyses of the resu l t s  are briefly summarized 
in the following paragraphs.  

Cell  Curren ts  With Anode Grounded. Figure 44 shows the ce l l  cu r ren t s  with the 
These curves a r e  similar to those 

The calculated alpha-particle current ,  

anode grounded as a function of negative grid bias. 
obtained with the 6-in. anode (Figure 29), but with the magnitudes diminished due to  
radioactive decay of the polonium-210 emit ter .  
Io, at the time of obtaining these data was 1.49 x 
of 1.95 x 10-8 a m p  when the data of Figure 29 were obtained. The data in Figure 44 
permi t  deduction of the secondary emission and grid pa rame te r s  as discussed ea r l i e r .  
Table 7 summar izes  the resu l t s  of analyses and presents  a comparison-with similar 
fac tors  obtained f rom the data with the 6-in. anode. This comparison shows that there  
is  no la rge  effect on these pa rame te r s  associated with a change in anode diameter  f rom 
4 to  6 in. The 7, value of 3 .64  l ies  within the variation of f rom 3. 95 to  3 .32  observed 
with the 6-in. anode a t  a 1-month interval. There  may be some significance to the fact  
that  7) 
since the electr ic  field a t  the outside of the grid cage is  la rger  for  the sma l l e r  anode. 

amp,  compared with a cu r ren t  

and x (and hence 6 )  were both slightly la rger  when the 4-in. anode was used, g 

TABLE 7. COMPARISON OF SECONDARY-ELECTRON EMISSION 
AND GRID PARAMETERS FOR 4-IN. - AND 6-IN. - 
DLAMATER ANODES 

~- - _  

Charge Ratio 
Charge Ratio at Cathode (a), 

7-1 c x- Fac tor  6- Factor(b) g at Grid, 7 )  

4-in. anode 7 . 0 1  3.64 0.489 0,423 

6-in. anode 6.84 3 .95  0.458 0,395 
~- ~ 

(a) Data a t  large poqltive bias extrapoldted to zero voltAge. 
(b) 6 = f(1 + x q  ) and represents the fractlonal reduction i n  charging current due to the presence of the grid. g 
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The data presented in Figure 45  for  gr id  cur ren t  v e r s u s  positive gr id  bias  fur ther  
emphasize the lack of appreciable effect  on cell cu r ren t s  due to the change in  anode 
d iameter .  After correct ions for  polonium decay, the current-voltage behavior was 
near ly  identical , ,  both in magnitude and shape, in the two cases .  

Effect of P r e s s u r e  on Anode Voltage. Anode voltage was measu red  as  chamber  
p r e s s u r e  was varied f r o m  4 x t o r r .  The resu l t s ,  shown in  
F igure  46, were near ly  identical with those obtained with the 6-in.-diameter anode: the 
voltage was constant up to  2 x 10-5 t o r r ,  then dropped to  ze ro  between 2 and 4 x 10-5 
t o r r .  No anomalous effect was found. 
anomalous behavior observed in  the ear l ie r  experiments is quite sensit ive to the de- 
tailed ce l l  geometry and that the remaining geometry differences account for  the ab- 
sence of this effect. 

t o r r  up to  2 . 5  x 

F rom this observation, i t  appears  that the 

Summarv of Results of NASA-SDonsored 
Alpha Cell  Experiments 

The resu l t s  of the experiments performed on the alpha cel l  under contract  with 
NASA are summarized below. 

Cell  cur ren ts  with the anode grounded a r e  affected by gr id  voltage in 
a predictable manner .  A net positive cu r ren t  flows f r o m  the gr id-  
cathode assembly  upon application of negative grid bias l a rge r  than 
-40 volts. 

At high vacuum, microdischarging limits voltage buildup in the ce l l  
to 50-100 kilovolts. 
emission of beta par t ic les  to charge the anode, as  seen in Figure 18. ) 

(This range is the same as that found using 

The anomalous affect of vacuum-chamber p r e s s u r e  on anode voltage 
found in  ea r l i e r  Battelle-sponsored experiments  was not present  in 
the new experiment,  with either 4-inch o r  6-inch-diameter anodes. 

The grid controls the anode voltage, as predicted,  below the limiting 
voltage determined by microdischarging. 
for  amplification factor predicts the measu red  AVa/ AVg to within a 
precis ion of about 20 per  cent or  bet ter .  

The triode-tube formula 

The secondary-electron emission at the cathode appears  to be inde- 
pendent of cover ma te r i a l  (it is the same  for s ta inless  s tee l  and for  
gold) and has the value of about eight e lectrons per  emerging alpha 
particle.  
on the electr ic  field, but the secondary yield at  the gr id  is not notice- 
ably field-dependent. 

The secondary yield at  the cathode is slightly dependent 

The secondary-electron emission a t  the gr id  appears  to be sensitive 
to the surface condition of the grid wires ,  being approximately a 
factor of two la rger  f o r  oxidized s t ee l  than for  clean s teel .  
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(7)  The grid cu r ren t  is independent of anode voltage to at leas t  30 kilovolts. 
The dependency of cathode cu r ren t  on anode voltage indicates that  the 
x-factor (fractional r e l ease  of gr id  secondaries  to  anode) increases  with 
anode voltage. 

(8) The x-factor has  magnitude of the o rde r  of 0. 5 o r  m o r e  at z e r o  anode 
voltage. 

(9) A change in anode geometry f rom 6-inch diameter  to  4-inch diameter  
had only a s m a l l  effect on the gr id  design pa rame te r s  qg and x.  

(10) No instabilities were observed in anode voltage a t  the microdischarge 
l imit;  during a 60-hour t e s t  there  were no g ross  d ischarges  o r  signifi- 
cant voltage variations.  

INVESTIGATION OF METHOD O F  
ELECTRICAL-POWER CONVERSION 

Several  methods of converting the high voltage output of the alpha ce l l  to a lower 
voltage have been investigated. The objective of these studies has  been the conceptual 
design of a conversion system that would provide an output in the kilovolt range with a 
reasonable  conversion efficiency. Conventional methods do not meet  the requirements  
of this application because of the very high voltage and relatively low cu r ren t  of the 
alpha-cell  generator.  
methods,  which produce the des i red  output by control of the ce l l  charging cur ren t ,  and 
ex terna l  c i rcui t  methods, which accomplish the conversion through circui t  components 
external  to  the cell. 
for the converter a r e  best  m e t  by a piezoelectric device which is  a n  external  c i rcu i t  
but which a l so  t2kes advantage of the grid-control charac te r i s t ics  of the alpha cel l .  

Two approaches to the problem have been taken: ballistic 

F r o m  these studies,  i t  appears  that the par t icular  requirements  

Design Considerations of the Piezoelectr ic  Converter 

Alpha- Cell Character i s  t ics  

The f i r s t  step in the design of the conversion sys tem is the character izat ion of 
the alpha cel l  itself. 
Figure 47. 
the energy of alpha par t ic les  emerging from the cathode. 
i s  just  E o / b ,  where 
charging cur ren t  and, hence, the source impedance a r e  a function of the emi t te r  source  
s t rength.  
Ro represents  a relatively high resis tance.  This ineans that the output impedance m u s t  
a lso be high if the anode voltage is to be maintained in the region of maximum collection 
efficiency. 

The assumed equivalent c i rcui t  for  the alpha cel l  is shown in  
The source voltage, Eo, represents  the open-circuit  voltage equivalent of 

The source impedance, Ro, 
is  the short  c i rcui t  o r  alpha-particle charging cur ren t .  The 

It is important to note that even with a source  of high disintegration ra te ,  

I N S T I T U T E  
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FIGURE 47. ALPHA-CELL EQUIVALENT CIRCUIT 

In the equivalent circuit ,  the alternate source voltage , EA , i s  the open-circuit 
voltage under conditions which allow a net negative (electron) cur ren t  to flow to the 
anode. This character is t ic  i s  important to the conversion system that i s  to be de- 
scr ibed because it permits  the cel l  to operate both As a positive and negative source , 
depending on the grid bias .  The source res i s tance  associated with the negative voltage 
source,  R b ,  i s  equal to Eb/Ib. In this case the current  %not  only i s  a function of the 
disintegration r a t e  of the source but a lso i s  a variable controlled by the grid bias 
voltage. 
to-cathode leakage resis tance,  which may be assumed to be la rge  compared to Ro 
and Rb. 

.b 

The capacitance Co is the anode-to-cathode capacitance, and R1 is the anode- 

The equivalent c i rcui t  of Figure 47 has been verified by analysis of cel l  cur ren t  
and voltage data obtained in previously described experiments.  Fo r  the purposes of 
conversion-system analysis,  it is assumed that the charac te r i s t ics  of the cel l  at high 
operating voltages a r e  the same a s  those observed in the experiments in the kilovolt 
range. 
that  the high-voltage character is t ics  in the absence of microdischarging will be similar 
to those already observed. 

While this assumption may not be s t r ic t ly  valid, i t  is reasonable to assume 

The charac te r i s t ics  of the alpha cell a r e  summarized in Figure 48. 
cur ren t  curves  a r e  normalized since they depend on the alpha source strength.  
voltage scale  shown is that for an unattenuated source , i. e . ,  a ba re  source , of 5-Mev 
alpha par t ic les .  
d e r s ,  which has been repeated here  to compare the voltage at maximum power (at 
Eo/Z) with the operating voltage for maximum collection efficiency. 

Power and 
The 

The collection efficiency curve i s  that of Figure 3 for coaxial cylin- 

If the load connected to the alpha cell  has a res is tance comparable to R1 and a 
capacitance much l e s s  than C, (assumptions that a r e  reasonable for  the circui t  to be 
considered),  the operation of the alpha cell  i s  independent of the load parameters  and 
i s  descr ibed by the equation 

*In a sense, the gr id  in the alplia cell acts as a high-vacuum, Iiigh-voltage switch. 
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where the subscr ipt  1 r e fe r s  to cell ,  o r  pr imary  circui t ,  var iables .  
however,  descr ibes  operation in only one mode. 
mode 

Equation (52), 

in  which the net current  to the anode is an alpha par t ic le  o r  positive cur ren t .  
This mode is taken to  be  the charging 

The mode in which the anode current is an electron o r  negative cu r ren t  is r e fe r r ed  
to as the discharging mode, and i t s  operation i s  descr ibed by 

q; = J 
dq i  1 +- dt '  RbCo 
- (53) 

where the primed factors  a r e  those associated with the discharge mode. 

With the init ial  conditions that V1o is  the anode voltage at the beginning of the 
charging pa r t  of the cycle and Vi0 i s  that a t  the beginning of the discharge p a r t  of the 
cycle, the time-dependent anode voltages for the two modes a r e  given by the solutions 
of Equations (52) and (53): 

and 

where X 1  = l/R,Co and A; = l /RbCo,  recalling that i t  has been assumed that Ro <<R1 
and Rb << R1. 

F o r  cyclic operation of the cel l  with charging and discharging t imes  T and TI, 
the maximum and minimum anode voltages a r e  given by 

and -x; TI -XiT' 
V l 0  = EA ( I  - e ) -i- vio  e (57 1 

Equations (56) and 457) i l lustrate the flexibility of operation that is possible with 
the cell .  
these conditions can be achieved, within l imits  of course,  by proper  selection of source 
strength,  gr id  bias,  and charging and discharging t imes .  
concerning the output impedance 
though this is not necessar i ly  always true.  
respec t  to power-conversion efficiency to re lax  the condition that the load capacitance 
is sma l l  compared with the internal capacitance of the cell.  
gained only a t  the expense of either a smaller  t h e  constant o r  a l a rge r  source strength 
to maintain a given t ime constant. 

F o r  example, i f  operation within a par t icular  anode voltage range is des i red ,  

Fo r  the assumptions made 
al- operation of the cel l  is  independent of its load 

It would probably be advantageous with 

The advantage could be 

Pi ezo ele  c t r i c  - Circuit Charac te r is tic s 

The piezoelectric c i rcui t  portion of the converter  conceptual design reduces the 
pr imary  o r  cel l  anode voltage to a lower level through what is 
impedance t ransformer .  
u r c  49. 
duces a s t ra in  which is in tlirn applied to the  secondary t ransducers  

in effect, a high-input- 
One possible arrangement  of t ransformer  is shown in Fig-  

The anode voltage applied across  the p r imary  piezoelectric t ransducers  pro-  
thereby inducing 
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a voltage ac ross  the secondary. The selection of the piezoelectric mater ia l s  is such 
that the pr imary  ma te r i a l  produces a smal l  s t r a in  pe r  unit e lectr ic  field and the sec -  
ondary produces a small e lec t r ic  field per unit s t ra in .  
des i red  voltage reduction. 
a l so  have a high resis t ivi ty  to  maintain the high-resistance load that is necessary  for  
efficient operation of the cel l .  
tions of ce l l  and t ransformer  operation and has  been incorporated as the ma te r i a l  in the 
p r imary  of the conceptual design. 
the secondary t ransducer .  The conceptual design incorporates  a ma te r i a l  having a high 
dielectr ic  constant since it is desirable  that the secondary t ransducer  have a high 
capacitance. 

This arrangement  produces the 
It i s  important, of course,  that the ma te r i a l  in the pr imary  

Quartz has proper t ies  that a r e  well suited to  the condi- 

There a r e  seve ra l  ma te r i a l s  which could be used as 

An important limitation of the piezoelectric t ransformer  itself should be men- 
tioned. Since the p r imary  t ransducers  appear to the voltage source a s  a capacitor , it 
is necessary  that the source provide both charging and discharging capability to  obtain 
a continuing output f rom the secondary; otherwise,  no output would be obtained af ter  
the init ial  charge buildup. 
as both a positive and negative voltage source through gr id  bias control. 
in this  respec t ,  a unique compatibility with the piezoelectr ic  t ransformer  in that it 
provides for  the required cyclic operation without the use of an external  discharging 
circui t .  

The alpha cell, unlike mos t  power sources ,  can be operated 
Thus , it has,  

The equivalent c i rcui t  of the complete sys tem is shown in Figure 50. This c i rcui t  
has  been simplified to the extent that  the dynamic mechanical pa rame te r s  of the piezo- 
e lec t r ic  e lements  have been ignored. 
tion of the t ransducers  provided that the frequency of operation i s  well below the reso-  
nant frequency of the t ransducers .  
advantages in operating the t ransducers  in their  resonant mode. The analysis of such 
operation, however, is beyond the scope of the studies conducted under this program. 

The circui t  shown is a sat isfactory representa-  

It is quite likely that t he re  a r e  significant 

Referr ing to  F igure  50, the secondary t ransducer  is represented by a voltage 
source  that is proportional t o  the ce l l  anode voltage and a se r i e s  capacitance.  
is assumed to be res i s t ive  for  simplicity. 
the pr imary-to-  secondary piezoelectric -constant ratio.  

The load 
The voltage proportionality constant,  k, is 

L _ _ _ _  ----I 
Alpha Cell Primary trunsducer Secondary transducer 

FIGURE 50. EQUIVALENT CIRCUIT OF ALPHA CELL AND POWER CONVERTER 
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Operation of the secondary circui t  in the charging and discharging modes is de- 
scr ibed by the following equations, where the pr imed fac tors  have the same  meaning 
as before and the subscr ipt  2 r e f e r s  to secondary-circuit  pa rame te r s :  

and 
I -t- d q i  qi = k V 1  . 

dt '  R2C2 

Substituting Equations (54) and (55 )  for V1 and V2 yields the solutions 

( 5 9 )  

where V2o and V i 0  a r e  the init ial  voltages for the charging and discharging modes,  
andX2 = 1/R2C2. 

As in the case of the p r imary  circui t ,  Equations (60) and (61) suggest that t he re  
i s  considerable flexibility in the operation of the cell-converter sys tem.  The pos sible 
combinations of the parameters  k, A I ,  Xi, X2, T, and T '  should provide an interest ing 
a r r a y  of output voltages and waveforms. 
tem of this complexity is beyond the scope of the present  program.  

Again, the analysis and optimization of a SYS- 

ExamDles of Svstem ODeration 

Several  examples of sys tem operation have been calculated under the simplifying 
condition that X i  = Xi = X2 = A .  
and (59) a r e  

Under this condition the solutions to Equations (58) 

( 6 2 )  

(63) 

- A t  V2 = [k(Eo - V10) Xt t V ~ O ]  e 

V i  = [k(Eb - V i o )  A t ' +  V i o l .  - A t '  

It should be noted that the condition of equal t ime constants has  been used for  the ex- 
ample presented here s t r ic t ly  to  ease  the burden of the calculations.  
selected for  this presentation is the one of s eve ra l  calculated which yielded the highest 
power-conversion r a t i o  for the range of var iables  used. 
use optimum conditions for this  example, and there  is every reason  to believe that 
more  efficient operation can be achieved even for the case  of equal pr imary  and sec -  
ondary t ime constants. 

The example 

No attempt has  been made to 

The assumed parameters  for  this example a r e  

Vi0 1.25  x 10 6 volt 

T = 1.00 x 10-2 sec.  
B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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The factors  associated with the piezoelectric t ransducers  a r e  

C2 = 1.00 x 10-6 farad,  

and the alpha-cell  constants a r e  

Eo = 2.  50 x 10 

E; = -1. 00 x lo2  v01.t~ 

Co = 6.20 x farad.  

6 volts 

Using these values and Equations (54), (55), (62), and (63), the time-dependent voltages 
were  calculated. 
1 . 2 5  x lo6  to 2.04 x l o 6  volts and the secondary f rom -5. 16 x 103 to t 3 . 6 6  x 103 volts. 
The r m s  output voltage i s  2.78 x lo3 volts. 

These a r e  shown in Figure 51. The pr imary  voltage va r i e s  f rom 

The ce l l  charging cur ren t  is shown in F igure  52. It is interesting to  note that for 
the conditions used he re  the power dissipated during the discharging pa r t  of the cycle is 
grea te r  than that during the charging part .  This suggests that  a nonalternating output 
might be achieved by operating with a different t ime constant, i. e .  , grid bias,  during 
discharge.  

The power output for  this case i s  773 watts and the electrical-power-conversion 
efficiency is 9.48 per  cent. The conversion efficiency used here  is the ratio of output 
power,  V2 r m s  / R ~ ,  to source power, i l  rms R o,  where i l  is the cel l  cur ren t  given by 
Equations (52) and (53). 

Conc lu s ions 

This prel iminary evaluation of the piezoelectric voltage-conversion sys tem indi- 
cates  that  the sys tem shows promise of being a prac t ica l  means of converting the 
megavolt output of the alpha cel l  to usable power in the 10- and 100-kilovolt range. 
The scope of this program has permitted only a limited evaluation of the concept, but 
the indications a r e  that i t  offers considerable flexibility in attainable output and that it 
is certainly worthy of fur ther  consideration. 

Other Coriversioii S c h e m e s  Considered 

Power Conversion by Particle-Ballist ic Methods 

In general ,  particle-ball ist ic methods of power conversion do not appear to be 
The problems encountered with this approach a r e  i l lustrated by the ex- promising.  

amples  given below. 

One of the concepts considered, which approaches the ideal converter f rom the 
The scheme standpoint of not changing the operating voltage, is shown in  Figure 53. 

h e r e  is to  replace the grid wires  with radial  fins and to replace the solid anode with a 
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segmented electrode. 
par t ic les  alternately on two se t s  of anode segments .  
would be connected electrically and isolated f r o m  the 'IB'I segments ,  which would like- 
wise be electrically connected. The alpha par t ic les  would be focused alternately on 
the two se t s  of anode segments by applying different  voltages alternately to  adjacent 
gr id  fins.  The applied grid voltage would always be negative, however, to suppress  
secondary-electron emission at the cathode. Although this scheme appears  to meet  
the requirements  of an acceptable converter ,  an investigation of the par t ic le  bal l is t ics  
shows that because of the high deflection voltage required i t  is not feasible to assemble 
a cel l  with necessary fin spacing to prevent e lec t r ica l  breakdown between adjacent f ins .  
An alternative means of producing the desired particle deflection i s  with a magnetic 
field.  The required field strength is reasonable,  but because of the relatively large 
volume through which the field must  be applied, this scheme is not considered a p rac -  
t icable one a t  this t ime.  

A n  alternating output would be produced by focusing the alpha 
In the f igure,  the t tAtl  segments 

Segmented anode 

\I 

A 

Cathode Alpha - 

Grid 

partjcle trajectory 

1 A-48203 

FIGURE 5 3 .  BUNCHING O F  ALPHA PARTICLES B Y  
MEANS O F  A FINNED GRID 

Another alpha-particle ballistic method considered to produce an alternating out- 
put applies the klystron concept to a beam of par t ic les  directed out of the cell.  
pea r s  that  beam focusing can be accomplished by using the anode for  e lectrostat ic  
focusing. 
relatively large drift  space required (tens of m e t e r s ) .  

It ap- 

However, this method is  not being given fur ther  attention because of the 

The possibility of producing an alternating output by causing the cel l  to oscil late 
While this scheme i s  pos- by  means  of a feedback circui t  has a lso been investigated. 

sible,  i t  has  the disadvantage that the average power output i s  considerably l e s s  than 
the maximum capability of the cel l  because of the low operating efficiency a t  low output 
voltage. 
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Power Conversion by External Circui t ry  

A second method in addition to  the piezoelectric t ransformer  has been considered 
for  converting the ce l l  output to  a lower voltage by means of an external  circuit .  

One possible arrangement  is shown in Figure 54. 
high-voltage gap is followed by the breakdown of low-voltage gaps, thus causing the 
en t i re  capacitor bank to discharge in paral le l  through the load. 
t o r s ,  the output voltage i s  1/N t imes the cell  output voltage, and the total  charge avail- 
able a t  the load is N t imes that of each capacitor.  
would be such that complete discharging would not occur ,  so ce l l  operating voltage 
could be maintained in the region of high efficiency. 
ther  consideration a r e  the high-voltage gap, which mus t  withstand the full ce l l  output 
voltage, and the physical s ize  of and power losses  in the inductors.  
employing res i s t ive  ra ther  than inductive elements,  has been suggested but has been 
given only secondary consideration because of the complicated switching required to 
produce the paral le l  and s e r i e s  configuration. 

This 
f method involves the s e r i e s  charging and paral le l  discharging of a bank of capaci tors .  

In this  c i rcui t ,  the tr iggering of a 

F o r  a bank of N capaci- 

In pract ice ,  the low-voltage gaps 

The problems which requi re  fur -  

A s imilar  scheme, 

, 
C = capacitance 

L V =  low voltage 
HV= high voltage A-48284 

FIGURE 54. SERIES CHARGE-PARALLEL DISCHARGE CONVERTER 

SUMMARY O F  WORK PERFORMED DURING PROGRAM 

The work performed on Contract No. NAS3-2797 during the 8-month study is 
briefly summarized below: 

(A) Experimental  Studies 

(1)  Constructed, installed and put into operation the apparatus for 
alpha-cell experiments 

( 2 )  Performed preliminary measurements  and calibration pr ior  to 
installing alpha emit ter  
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(3 )  Performed measurements  on alpha ce l l  with anode grounded to 
obtain bas i s  parameters  for analysis  

(4) Performed pr imary  voltage-buildup experiments  

(5) Determined current-voltage behavior of alpha ce l l  to maximum 
voltage obtained 

(6)  Determined effect of grid voltage on anode voltage (amplification 
factor ) 

( 7 )  Determined sensitivity of cel l  cur ren ts  and voltage to  cel l  p re s su re  

(8) Observed t ransient  response of cel l  cur ren ts  and voltage to  gr id-  
voltage variation 

(9) Determined effect of anode-geometry change on cel l  pa rame te r s  

(10) Observed microdischarging phenomenon and stability of cel l  voltage. 

(B) Analytical Studies 

(1) Performed analysis in support of experiment design and construction 

(2)  Analyzed experimental  data on current-voltage behavior to evaluate 
cr i t ical  parameters  that enter  into theoretical  prediction of cel l  
efficiency and performance 

( 3 )  Analyzed the effects of changes made in  the new cel l  design and 
geometry on cel l  performance 

(4)  Analyzed grid control on anode voltage 

(5) Analyzed effect  of "fall-back" alpha par t ic les  on cel l  cur ren ts  and 
eff ic  ienc ie s 

(6) Evaluated degradation of alpha-particle energy spectrum with 
emitter -coating thickness and with emitter-fuel thickness 

(7)  Investigated power-conversion techniques for  the alpha-cell gen- 
erator  and produced a conceptual design of a conversion sys tem.  

Although much valuable information was gained f rom the study, because of the 
microdischarging problem the program fell short  of i ts  objective to  extend ce l l  voltage 
to a range where efficient operation i s  possible. 
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CONCLUSIONS AND RECOMMENDED DEVELOPMENT 
PROGRAM FOR THE ALPHA CELL 

F r o m  the resu l t s  of the experimental  studies to date,  it is concluded that the alpha 
ce l l  per forms a s  predicted in  the low-voltage range and that the physics of operation a r e  
reasonably well understood. 
both the NASA-sponsored experiment and the ea r l i e r  Battelle-sponsored experiment,  
that  microdischarging presents  a r a the r  fundamental l imitation to experiments on 
voltage buildup with the alpha cell .  Additional experiments on ce l l  parameters  at the 
high-vacuum region of operation ( less  than 10-4 to 10-5 t o r r )  would appear to be point- 
l e s s  until the microdischarging problem is solved o r  circumvented. 

Fur ther ,  one must  conclude, based upon the resu l t s  of 

Much work can and should be done to determine,  and hopefully to eliminate,  the 
It would appear overly optimistic to presume that with a 

However, one might hope to relieve the problem and perhaps circumvent it at 

causes  of microdischarging. 
relatively small-scale  program the fundamental problem of microdischarging can be 
solved. 
present  by severa l  courses  of action: 

Pursue  the effect of electrode surface cleanliness on microdischarging. 
Although reasonable precautions and procedures  were taken to ensure 
clean surfaces  in the past  experiments,  by no means  were they elabo- 
ra te .  
may be desirable .  

In this regard ,  a change from an oil-pumped vacuum system 

Provide means for conditioning the anode a t  high voltage f rom an ex- 
te rna l  power supply with relatively high cur ren t  capability. 
technique in accelerator  work, such conditioning could possibly permi t  
shor t  t e r m  studies a t  higher voltage. 

A standard 

Use the anomalous p re s su re  effect to study the alpha ce l l  device in the 
high-voltage range and base conclusions on i ts  performance at high 
vacuum on these studies.  

Fu r the r  experiments along these lines, even i f  not highly successful,  can add to 
the stockpile of data on gr id  and cel l  design pa rame te r s  ( p ,  qg, x, e tc .  ) and on the 
microdischarging problem which is common with all high-voltage, low-current devices.  

It is therefore  recommended that a follow-on program be established to  continue 
experiments  on the alpha cell,  following the above three courses  of action, with the 
same  objective 
the capabili t ies 

of obtaizing higher voltage buildup in order  to  m o r e  clear ly  determine 
of the alpha-cell generator.  
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